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Solid Oxide Fuel Cells are high temperature, solid-state, electrochemical devices that can convert fuels
into electricity or produce fuels from excess electricity. Oxygen is reduced at the cathode to oxygen ions
which move through the ceramic to the anode. These oxygen ions are used to oxidize fuels at the anode
compartment, producing heat and electrons that will move through an external circuit to produce
power.At the cathode the sluggish oxygen reduction kinetics impede the performance of the electrode. A
common approach to enhance the cathode performance is infiltration. Often the performance of a
cathode is enhanced after the addition of a variety of metal-oxide materials. The common claim is that
the infiltrated materials enhance catalytic activity or conductivity. With infiltration however, it is impossible
to control for changes in surface area or conductivity. Atomic Layer Deposition (ALD) was employed to
change the surface chemistry of the electrode, without changing the conductivity, or surface area of the
electrode. Perovskite anodes are of interest due to their resistance to many of the issues that plague Nicermet (ceramic metal) anode. Their catalytic activity is often lacking, and as such a variety of methods
are employed to enhance this. The most efficient approach is surface modification which allows for
increases in activity with minimal metal loadings. ALD was employed to deposit highly disperse oxidation
catalysts inorder to minimize the metal loadings while maximizing performance. At the Ni-cermet anode,
undesirable reactions, such as carbon fiber formation and Ni oxidation to NiO, limit the lifetime of the
electrode. Surface modification approaches are often vi employed to protect the Ni surface against these
processes. We investigated the use of CeO2 ALD to overcome these challenges. Perovskites with
exclusively 2 + cations (Ba and Sr) in the A-site and Fe in the B-site have recently exhibited great
performance as SOFC anodes. The reasoning behind the high catalytic activity of these anodes has not
been thoroughly studied. To elucidate the origin of the high activity of these anodes, the performance and
thermodynamics of Ba0.5Sr0.5FeO3 (BSF) anodes was investigated.
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ABSTRACT
SURFACE MODIFICATION OF SOLID OXIDE CELL ELECTRODES TO IMPROVE
THE ELECTROCHEMICAL PERFORMANCE
Julian M. Paige
Raymond J. Gorte
John M. Vohs

Solid Oxide Fuel Cells are high temperature, solid-state, electrochemical devices that can
convert fuels into electricity or produce fuels from excess electricity. Oxygen is reduced at the
cathode to oxygen ions which move through the ceramic to the anode. These oxygen ions are used
to oxidize fuels at the anode compartment, producing heat and electrons that will move through an
external circuit to produce power.
At the cathode the sluggish oxygen reduction kinetics impede the performance of the
electrode. A common approach to enhance the cathode performance is infiltration. Often the
performance of a cathode is enhanced after the addition of a variety of metal-oxide materials. The
common claim is that the infiltrated materials enhance catalytic activity or conductivity.

With

infiltration however, it is impossible to control for changes in surface area or conductivity. Atomic
Layer Deposition (ALD) was employed to change the surface chemistry of the electrode, without
changing the conductivity, or surface area of the electrode.
Perovskite anodes are of interest due to their resistance to many of the issues that plague
Ni-cermet (ceramic metal) anode. Their catalytic activity is often lacking, and as such a variety of
methods are employed to enhance this. The most efficient approach is surface modification which
allows for increases in activity with minimal metal loadings. ALD was employed to deposit highly
disperse oxidation catalysts inorder to minimize the metal loadings while maximizing performance.
At the Ni-cermet anode, undesirable reactions, such as carbon fiber formation and Ni
oxidation to NiO, limit the lifetime of the electrode.

v

Surface modification approaches are often

employed to protect the Ni surface against these processes. We investigated the use of CeO2 ALD
to overcome these challenges.
Perovskites with exclusively 2 + cations (Ba and Sr) in the A-site and Fe in the B-site have
recently exhibited great performance as SOFC anodes. The reasoning behind the high catalytic
activity of these anodes has not been thoroughly studied. To elucidate the origin of the high activity
of these anodes, the performance and thermodynamics of Ba0.5Sr0.5FeO3 (BSF) anodes was
investigated.
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Chapter 1. Introduction
1.1 Background
The threat of Climate Change and growing harm caused by the numerous pollutants
released by traditional energy conversion schemes, such as coal-fired plant and natural gas
turbines, have increased interest in alternative or low emission energy production technologies.
Solid Oxide Electrochemical Cells (SOCs) are a unique class of energy conversion devices that
can be used to produce power, heat, and steam in fuel cell mode (SOFC) or to produce fuels and
oxygen through the electrolysis of steam or CO2 (SOEC).1 Unlike other types of electrochemical
cells, SOCs operate at high temperatures (600 -1000 °C) and possess a solid ceramic electrolyte
which facilitates the transport of oxygen ions between electrodes. Due to the high operating
temperatures, SOCs can operate without precious metal catalysts, can oxidize a variety of fuels in
addition to hydrogen, have fast kinetics and favorable thermodynamics that enable high electrical
efficiencies, and can achieve even higher total efficiencies with heat integration. 2,3 SOCs are a
novel technology with a number of applications that include: stationary power generation, portable
battery replacement devices, propulsion systems for marine or aviation applications, electrolyzers
for the production of green hydrogen or carbon neutral fuels, or for load balancing through
reversible operation (alternating between SOFC and SOEC) to balance the energy grid against the
intermittency of renewable energy sources.1,4 Despite the positive aspects of SOFCs, there are
many opportunities to improve the performance and durability.2 Some methods of addressing some
of these challenges will be examined in this thesis.

1.2 SOFC Working Principles

This text will focus on SOFC mode, although analogous principles, equations, and
concepts apply for SOEC mode. All electrochemical reactions can be reversed to describe the
SOEC mode equivalent (Figure 1.1). SOFCs function by taking advantage of the electrochemical

1

potential created by having an oxidant (O 2) and an oxidizable fuel (H2, CO, or some hydrocarbon)
in different compartments, separated by a membrane that allows oxygen ions to diffuse while
blocking electrons.

Figure 1.1 Schematic of a SOC operating in SOFC mode to produce electrical power, heat, H2O,
and CO2 through the oxidation of various fuels, or SOEC mode to produce fuels from H2O or CO2.
The theoretical driving force is the Nernst Potential (VNernst), also called the Open Circuit Voltage
°
(OCV), and is described by Equation 1.1 where T is temperature, R is the gas constant, ∆𝐺𝑟𝑥𝑛
is

the standard Gibbs free energy for the overall reaction, F is Faraday’s constant, and N is the
number of electrons associated with the reaction. The last term is the Reaction Quotient which uses
the activity of the feed. As such, the OCV can vary strongly with temperature, gas phase
concentrations, and also due to the catalytic activity of the electrode for oxidation of the fuel in

2

question. The typical values for OCV for SOFCs operating with humidified H2 fuel in the anode and
air in the cathode is 1 V.

𝑂𝐶𝑉 = 𝑉𝑁𝑒𝑟𝑛𝑠𝑡 =

°
∆𝐺𝑟𝑥𝑛
𝑅𝑇
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠
−
ln ∏ [
]
𝑁𝐹
𝑁𝐹
𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠

(1.1)

At the cathode, O2 molecules adsorb onto the surface and are reduced by electrons supplied by
the external circuit to produce O2-, as indicated by Equation 1.2. This reaction is called the Oxygen
Reduction Reaction (ORR). The produced O2- move through the electrolyte to the anode
compartment where they react with fuel molecules to produce electricity, heat, and steam and/or
CO2 according to Equations 1.3-1.5. Collectively, these are Fuel Oxidation Reactions (FOR, or
HOR for Hydrogen).

1
2

𝑂2 + 2𝑒 − → 𝑂2−

𝐻2 + 𝑂2− → 𝐻2 𝑂 + 2𝑒 −
𝐶𝑂 + 𝑂2− → 𝐶𝑂2 + 2𝑒 −
𝐶𝑛 𝐻2𝑛+2 + (3𝑛 + 1)𝑂2− → 𝑛𝐶𝑂2 + (𝑛 + 1)𝐻2 𝑂 + 2(3𝑛 + 1)𝑒 −

(1.2)
(1.3)
(1.4)
(1.5)

These reactions can only occur at three-phase boundary sites (TPBs): sites in each
electrode in which there is close proximity between the gaseous reactants, an electronic conducting
phase, and an ionic conducting phase. This is depicted in Figure 1.2a) for an LaxSr1-xMnO3-YSZ
(LSM-Yttria-stabilized Zirconia) cathode and in Figure 1.2b) for a Ni-YSZ anode. Both LSM and Ni
are purely electronic conductors., and thus contact with YSZ is necessary for O 2- transport. As a
result, an effective electrode must be electrochemically active for the respective reaction, porous
enough to minimize gas diffusion, and exhibit mixed ionic and electronic conductivity (MIEC). 2,5

3

Figure 1.2. Illustration of electrochemical half-reactions occurring at Three-Phase Boundary sites
at the cathode (a) and anode (b) respectively. LSM and Ni are catalytic for their respective
reactions; but they are purely electronic conductors, so that the interface with YSZ is the TPB as
highlighted by the red circle. The indicated electrons are either flowing from the external circuit
(cathode) or to the external circuit (anode).

1.3 Voltage Losses
Although the theoretical cell potential is determined by the Nernst Potential the actual cell
potential during operation is influenced by the current. 6 The current is an indication of the rate at
which the processes at the electrodes or in the electrolyte are occurring. For an ideal
electrochemical cell, the current would have no impact on operating potential; in reality, each of
these processes are limited by reaction-rates and chemical diffusion rates which results in each
component having a resistance and resulting in a voltage loss. This is important because, although
the current indicates the rate at which reactant molecules are converted, it is the Power Density (P,
W/cm2) (Equation 1.6) which indicates the energy output of the cell. Where j is the current density

4

(Amps/cm2) and Voperating is the operating voltage (Volts) which is also dependent on the current
density.

𝑃 = 𝑗 ∙ 𝑉𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 (j)

(1.6)

The ionic conductivity of the electrolyte indicates the ease with which oxygen ions can
move through membrane. This is influenced by the temperature, oxygen diffusivity, the ion charge,
as well as the concentration of oxygen vacancies in the material. Oxides used as electrolytes have
differing ionic conductivities as a result of these factors. The lower the conductivity and the thicker
the electrolyte, the higher the resistance of the electrolyte towards oxygen ion conduction (ohmic
resistance, Ro). As a result, it is desirable to use very thin electrolytes that are highly conductive.
The resulting electrolyte thickness is a consequence of balancing acceptable ohmic losses, the
mechanical strength of the cell, the operating temperature, and the ability to ensure a pin-hole free
electrolyte.
At the electrodes, the corresponding resistance (called the non-ohmic or polarization
resistance, Rp) is influenced by the rate at which the electrochemical reactions can occur. The
performance of the electrode is influenced by the electrode conductivity, concentration of TPBs,
the surface area, the catalytic activity of the electrode relative to the reactant molecule, as well as
the gas phase concentration of the reactant molecules. All together, these cell components produce
voltage losses that influence the cell operating potential ( Voperating) as a function of current density
(j), according to the generally linear relationship given by Equation 1.7. This relationship will be
elaborated on in Section 1.4.2

𝑉𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 = 𝑉𝑁𝑒𝑟𝑛𝑠𝑡 − 𝑗( 𝑅𝑜 + 𝑅𝑝,𝑎𝑛𝑜𝑑𝑒 + 𝑅𝑝,𝑐𝑎𝑡ℎ𝑜𝑑𝑒 )

5

(1.7)

Much of the work done in SOFC development involves discovering new materials and fabrication
processes to minimize voltage loses. Techniques used to investigate the performance of SOFCs
will be explained in the following section.

1.4 Electrochemical Performance Testing
As stated in the previous section, the performance of a SOFC is dependent on the current
and the total resistance from the anode, cathode, and electrolyte. A number of techniques are used
to investigate the cell performance which can provide insight into how well the cell performs. For
the work reported in this thesis, SOFCs were button-cells tested in custom test stations. The cells
were held in a furnace and heated to testing temperatures. Electrodes were coated with silver paste
and silver wires to serve as current collectors to connect the cell to a Gamry Instruments
Potentiometer. Illustrations will be presented in the following sections.

1.4.1 Linear Sweep Voltammetry and Power Density Curves
Linear Sweep Voltammetry (LV) is a technique that illustrates how the cell voltage is
cumulatively affected by the various resistive components. The potential is slowly ramped (i.e OCV
to 0 V at 0.01 V/s ) to see how the cell performs under varying loads. It directly shows the CurrentVoltage relationship, or Polarization Curve, of the cell for a given set of conditions (temperatures,
gas composition, cell composition, cell fabrication method, etc.). The Polarization Curve should
closely resemble what is determined by Equation 1.7, with the y-intercept being the Nernst or OpenCircuit Voltage (OCV) and the slope of the line being the sum of the resistances (Figure 1.3). If the
cell has a strong deviation from this equation, then a reduction or oxidation process is occurring to
one of the electrodes that may enhance or impede performance. If there is a sharp drop in the
voltage at high current, this is due to the formation of a concentration resistance due to slow
reactant gas diffusion. Often the Power Density curve (Equation 1.6) is also included as it is directly
determined from the voltage curve. This is useful as it directly yields the amount of power you can
achieve from the cell depending on the current load. The performance metric this curve provides is
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the Peak Power Density (PPD), which is the maximum Power Density that can be obtained from
the cell. It is understood that lowering the resistances of the cell causes this value to increase, so
higher performing cells have higher PPDs.

Figure 1.3 Linear Sweep Voltammetry of a Fuel Cell. Dotted red line indicates the Nernst Potential,
solid blue line is the Polarization Curve during operation, the dotted black line is the Power Density
Curve which is simply the product of the Voltage-Current curve with the Current Density. The
maximum of the Power Density Curve is the PPD. The Green dotted arrow indicates the voltage
losses.

1.4.2 Electrochemical Impedance Spectroscopy
Although LV is a useful technique for determining Current-Voltage relationships and
illustrates the overall performance of the cell, it does not provide insight into how each component
contributes to the overall cell resistance. Electrochemical Impedance Spectroscopy (EIS) is a
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powerful technique that allows one to take the total cell impedance and distinguish between the
ohmic resistance and polarization resistance, making it possible to determine what the R o and Rp
in Equation 1.7 are. This technique allows a clear understanding of what causes the cell
performance to decline; for example, after ageing the cell, are there solid-state reactions at the
electrode-electrolyte interface that form insulating phases which increase ohmic resistance?
Alternatively, is there electrode sintering that causes a loss in catalytic activity which would increase
the polarization resistance? EIS can be used to tell the difference.
EIS works by taking advantage of the different time scales in which electrodes and
electrolytes respond to electrical perturbations. While resistance is independent of frequency,
impedance is a frequency dependent resistance. The system impedance is determined by feeding
either a small sinusoidal voltage (1-20 mV) or current signal ( ~1 mA AC), and measuring the other.
The current and voltage signals are shifted in phase from one another, which gives the impedance
both imaginary and real components. These two components are plotted against each other over
a range of different frequencies (300 kHz to 0.01 Hz) to produce a Nyquist Plot (Figure 1.4).
Once the Nyquist Plot is generated, it needs to be properly interpreted. A simple equivalent
circuit model can be used to distinguish between the different components. Ohmic losses can be
modelled as a simple resistor, which is represented as an offset from the origin on the real axis (xaxis) in the Nyquist plot. Time dependent polarization losses from the electrodes can be modelled
as an electric circuit composed of a capacitor in parallel with a resistor. These losses arise from
slow reaction kinetics and diffusion of both ions and reactants in the electrodes. The overall
equivalent-circuit model used to interpret fuel cell results is formulated by adding each component
in series: a resistor for the electrolyte, a capacitor and resistor in parallel for the cathode and a
similar parallel circuit for the anode. The distance from the origin and an individual frequency is
the impedance at that frequency, with the distance from the origin and the rightmost y-intercept of
the arc providing the total cell impedance. The total cell impedance is the slope of the Polarization
Curve. Since the ohmic losses only produce an offset, they can be subtracted from the total cell
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impedance in order to distinguish between ohmic and polarization losses. This technique can be
performed at OCV or under load to investigate how the cell components respond to current flow.
For SOFCs there is generally very little change with polarization, but there are instances where
significant changes can be observed under polarization, as explained in section 1.3

Figure 1.4 Interpretation of a Nyquist plot for Electrochemical Impedance Spectroscopy (EIS) of a
SOFC. Individual dots represent the various sinusoidal frequencies used (300 kHz to 0.01 Hz)

1.4.3 Cell Testing Configurations
LV and EIS are powerful tools for determining cell performance; and, when used together
on a fuel cell, make it possible to determine the Current-Voltage relationship of the cell components,
the resulting PPD, as well as the total ohmic resistance of the cell and the cumulative polarization
resistance of the electrodes. However, simply doing fuel cell tests does not enable one to
distinguish between the two electrodes. EIS often results in a single arc that encompasses both
electrodes, so that it is unclear which electrode has the larger polarization resistance. Additionally,
the electrode-electrolyte interface can provide an additional ohmic resistance due to poor
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conductivity of the electrode or poor contact. In these scenarios, it is unclear which electrode is
limiting.
One approach to solve this problem involves performing Symmetric-Cell tests. This is
performed by creating a fuel cell with identical electrodes on each side, with both electrodes
exposed to the same gas environment. This results in no OCV due to identical potentials across
the cell, but the kinetics of the forward and reverse half reactions can still be studied. Figure 1.5
Illustrates a Symmetric-Cell test scheme for oxygen electrodes. The button-cell is exposed to
ambient air in a furnace, and electrochemical measurements can be used to probe the kinetics of
ORR on one electrode and the oxygen evolution reaction (OER) on the other. Note, an analogous
test can be done in a H 2/H2O environment to study the performance of fuel electrodes; however,
oxygen electrodes are easier to test due to the ability to use ambient air and the fact that there is
only one gas-phase reactant. Also notice that the interpretation of Symmetric-Cell measurements
assumes that the OER and ORR reactions occur at the same rates. This assumption is likely valid
since the Current-Voltage relationships for SOFCs are generally linear and the linear relationship
extends into the electrolysis regime.
EIS can be performed to study the response of the entire cell. Because the electrodeelectrolyte interfaces are identical, the ohmic contribution can be divided in half. Additionally, since
the electrode impedances for forward and reverse reactions are likely identical, the total polarization
resistance can be divided by two to give the impedance of only one of the electrodes. It is important
to ensure identical gas compositions for this to remain true. Once the cathode ohmic and nonohmic contributions are known, they can be subtracted from the total cell impedance values to
determine those of the anode. LV can also be used to study the Current-Voltage relationship of the
electrodes, with the 0 V indicating OCV due to there being no inherent potential across the
electrodes.
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Figure 1.5 Symmetric-Cell testing scheme for oxygen electrodes. Furnace and thermocouple
maintain the testing temperature. Silver paste and silver wires connect the cell to the potentiostat.

The fuel cell testing configuration depicted in Figure 1.6 allows the anode and cathode
electrodes to have separate gas environments, and the performance of the total cell can be
studied using techniques such as EIS or LV. The configuration is similar to the one used to test
cathodes except for the ceramic sealant used to connect the cell to the tube and separate the two
gas environments. Additionally, fuel needs to be supplied from a gas tank and fed into the anode
compartment via the glass concentric tube.
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Figure 1.6 Fuel Cell testing scheme. A furnace and thermocouple are used to maintain the testing
temperature. Silver paste and silver wires connect the cell to the potentiostat. The cell is mounted
on an alumina tube that has fuel injected from the glass concentric tube. Ceramic sealant is used
to join the cell to the tube and create a seal.

1.5 Electrolyte Materials
The SOFC electrolyte is a key component that often dictates the operating temperature,
while also playing a major factor in the material choices of the electrodes. The basic function of the
electrolyte is to serve as a dense, pin-hole free membrane to separate the anode and cathode
chambers and to allow the conduction of oxygen ions while preventing gas or electron flow.7,8 Ionic
conductivity is driven by the chemical potential of the cell and proceeds by a vacancy hopping
process. The ease with which this process occurs is determined by the oxygen ion diffusivity, which
in turn is determined by the mobile ion charge (2- for oxygen ions) and the vacancy concentration
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of the material.9 It is the slow conduction of oxygen ions and the accompanying ohmic losses that
motivate the use of thinner electrolytes and higher performing electrolyte materials. Most common
electrolytes have the Fluorite structure. The most common electrolyte material is 8 mol % Y in ZrO2
(YSZ), which has an ion conductivity of ~0.02 S/cm at 700 °C.10 Zirconia itself has low oxygen-ion
conductivity and is unstable but doping with Yttria or Scandia (ScSZ) increases the conductivity,
changes the mechanical strength, and stabilizes the ZrO2 into the cubic form across all
temperature.
Chemical compatibility is an important feature for electrolytes. YSZ is very stable with Ni
based anodes, showing minimal solid-state reactions with NiO, even after exposure to high
fabrication temperatures.2 However, YSZ readily participates in solid-state reactions with Co- and
Ba-containing cathodes, such as LaxSr1-xCoO3(LSCo),
xCoyFe1-yO3

LaxSr1-xCoyFe1-yO3 (LSCF), or BaxSr1-

(BaSCF).2 The cations in these oxides are mobile in YSZ and their reaction with YSZ

leads to insulating phases, such as La2Zr2O7, SrZrO3 or BaZrO3. In order to avoid solid-state
reactions with YSZ, Ceria (CeO2), doped with Gadolinium or Samarium (GDC or SDC), is often
used as an interlayer between YSZ and the cathode. To lower the operating temperatures of
SOFCs to below 700 °C, while also improving the chemical compatibility over zirconia-based
electrolytes, it is often attractive to replace YSZ entirely with high performing electrolytes, such as
doped ceria or LaxSr1-xGayMg1-yO3. These materials boast significantly higher conductivities than
YSZ7 and do not undergo solid state reactions with Co or Ba containing perovskites; however,
these materials have their own issues. Ceria has non-negligible electronic conductivity under
reducing conditions, which lowers the OCV and leads to energy losses due leakage currents.1
LSGM has purely ionic conductivity, with transference numbers only slightly below YSZ, but it is
not as resistant to solid-state reactions with Ni.11,8 Furthermore, using electrodes without La can
enhance cation diffusion into or out of the electrolyte, thus requiring the use of La-containing
electrodes, or La-containing barrier layers, such as La-doped ceria (LDC).12
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In addition to forming the electrolyte, or serving as an interlayer, ionic conductors are often
mixed with the electrodes to form composite electrodes, particularly if the active electrode material
has poor ionic conductivity. The incorporation of the electrolyte material, either to form an ordered
electrode scaffold or as a random mixture, can lower the interfacial contact resistance with the
electrolyte, increase the number of TPB sites, and allow for a better Thermal Expansion Coefficient
(TEC) match.13-16

1.6 Cathodes
1.6.1 Cathode Materials
For SOFC cathodes, perovskites are the material of choice. They are robust oxides with
an ABO3 stoichiometry. Some compositions possess high ionic conductivities, electronic
conductivities, and favorable oxygen-exchange properties.2,17 The A site in most cathode
compositions is a cation of a rare earth metal, such as La or Pr, while the B-site is a cation of
transition metal such as Mn, Fe, Ni, or Co. To introduce vacancies, some of the A-site cations are
doped with +2 cations, usually Sr or Ba. 18 Common perovskites include Sr-doped LaMnO3 (LSM),
Sr-doped LaFeO3 (LSF), LSCo, or LSCF. By doping the perovskite lattice with different ratios of +3
and +2 cations, the ionic conductivity, electronic conductivity, and the oxygen deficiency can be
tuned.17 Co is a common dopant to enhance the performance of cathodes, however its tendency
to leave the perovskite lattice and react with YSZ is undesirable. 19 To increase the electrical
conductivity, Co and Ni are often added to LSF and LSM in small amounts.17 Because the reactions
are limited to the TPB sites, perovskites, especially those with low ionic conductivity like LSM, are
often made into a composite with an ionic conductor. This boosts the performance by increasing
the number of TPB sites throughout the electrode.5,15 By using a perovskite that is a MIEC, such
as LSF, LSCo, or LSCF, the performance is further enhanced because the TPB sites are expanded
into three-phase boundary “zones”, which enables the reaction to take place over the entire
perovskite surface.
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The ORR reaction on most cathodes proceeds via the adsorption of dissociated oxygen
onto the surface, transport to the TPB, and then the filling of oxygen vacancies.5 For a cathode with
excellent MIEC properties, high surface area, and numerous TPB sites, it is often the low
concentration of oxygen vacancies that makes vacancy filling the rate limiting step. Most
perovskites are doped with Sr to increase the oxygen deficiency, although excessive Sr
incorporation accelerates Sr segregation out of the lattice.20 The use of Co or Ni based perovskites
also increases the concentration of oxygen vacancies compared to LSF or LSM.

1.6.2 Strategies to Modify the Surface of Cathodes to Enhance Performance
For anode-supported SOFCs, the cathode is usually the limiting electrode, especially at
lower temperatures (< 750°C ). Numerous studies have been conducted to enhance the activity of
cathodes through surface modification techniques such as infiltration, Pulsed Laser Deposition
(PLD) or Atomic Layer Deposition (ALD). The reason various surface modification approaches
impede or enhance performance is often poorly understood. The ORR mechanism has many
factors, which need to be considered to fully understand the implications. Gaining better insight into
the factors that govern ORR and how to best improve the surface properties of cathodes is what
motivated the work performed in Chapter 3.
Before the widespread adoption of perovskite cathodes, Pt and Pd were used in composite
electrodes with YSZ. Pt and Pd are active for ORR, but they have no ionic conductivity and rapidly
sinter under SOFC conditions, leading to poor connectivity. These shortcomings, coupled with the
high cost of the materials due to the high loadings needed for conductivity, have rendered them
obsolete as electrode materials except for model studies. To keep the catalytic benefits while
minimizing the cost of materials, the potential of precious metals to enhance perovskite electrode
performance has been widely studied but with conflicting results. Uchida et al.21 and Erning et al.22
found that infiltration of Pt and Pd can enhance the performance of LSM-YSZ cathodes, presumably
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by enhancing O2 dissociation. In contrast to this, Haanappel and coworkers

23

reported that there

was no effect from the addition of Pt or Pd. Recently, Riedl et al. found that the addition of Pt by
PLD to LSF thin films resulted in considerable enhancement to electrode performance. Initial work
claimed that the deposited Pt enhanced O2 dissociation.24 However, subsequent work suggested
that Pt enters the LSF lattice and is not present as nanoparticles.25 This implies that Pt is not acting
as a catalyst, but instead tunes the electronic structure of the lattice.
In addition to precious metals, the addition of a variety of other transition metals has been
investigated. The infiltration of CoOx, a dopant commonly added to perovskite lattices to enhance
conductivities and increase the concentration of oxygen vacancies, has also shown conflicting
results, making the impact unclear.26-28 GDC is another common additive to cathodes.29 In addition
to the previously mentioned ionic conductivity, GDC has some oxygen exchange properties by
itself, making it reasonable to believe that its addition could enhance the catalytic performance.
The fact that the performance enhancement is seen even at low GDC loadings makes the argument
that the ionic conductivity is being enhanced less definitive, particularly when an MIEC such as
LSCF is used, but it is still possible if well-connected particles are developed.29
Due to the challenges associated with interpreting the results of countless infiltration
studies and the lack of attention given to how changes in surface area and electrode morphology
can influence net ORR rates, our group thoroughly investigated the impact of various surface
dopants on electrode performance.30 LSF-YSZ and LSM-YSZ electrodes were intentionally aged
to decrease the surface area. Various promoters, some expected to be catalytic, such as Pd or
GDC, along with materials that are not expected to be catalytic, such as YSZ, CaO, and K2O, were
infiltrated into the electrode. In all cases, the promoters enhanced the performance of the aged
electrodes, approaching or meeting the performance of the fresh electrodes. Additionally, the
dopants had no impact on the performance of the fresh, high surface area electrodes. This study
demonstrated how important it is to normalize changes in electrode performance to electrode
surface area in order to interpret true changes in activity. Infiltration approaches always have the
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possibility to change the surface area while also changing the surface chemistry. Determining which
factor is responsible for improved performance is then difficult.
Atomic Layer Deposition (ALD) is a surface modification approach that allows atomic level
control over the surface chemistry. ALD is ideal for fundamental studies because it allows small
amounts of catalysts to be added to change the catalytic activity of the electrode, without causing
changes to the conductivity or surface area of the electrode. Previous work in our group
demonstrated that ALD can be used to directly change the terminating layer of the perovskite
surface and enhance or impede the surface reactions with coverages ranging from sub-monolayer
to several layers.31,32 In this work the idea was to tune the surface chemistry and study the impact
on performance. In the work described in Chapter 3, ALD was used to investigate the potential to
add O2 dissociation catalysts to the cathode surface and impact the surface chemistry
independently from the surface area.

1.7 Anodes
1.7.1 Perovskites
Ni-cermets (Ni ceramic metal composite) are the state-of-the-art anode material, however,
a large amount of effort has gone into investigating the use of oxide anodes to overcome the
challenges that Ni-cermets face (Chapter 5). Oxide anodes are of interest to replace Ni because
they have significantly lower activity for hydrocarbon cracking and carbon fiber formation compared
to Ni, in addition to possessing greater redox stability. Unlike Ni which will readily oxidize and
expand to NiO if exposed to air or large amounts of steam, most oxides of interest undergo minimal
if any volume change during reduction and oxidation (redox). Some of the most studied oxide
anodes are perovskites: La-doped SrTiO3 (LST), Sr and Mn-doped LaCrO3 (LSCM), and Sr-doped
LaVO4 (LSV). LSV is the only material that undergoes a volume change during oxidation (LaVO3
under reducing conditions, LaVO4 under oxidizing conditions) and thus has questionable redox
stability.
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Under reducing conditions, the perovskites typically have very poor ionic conductivity, and
thus like Ni are used as electronic conductors with YSZ providing the ionic conductivity. While Ni
has high electronic conductivity (~104 -105 S/cm), oxides typically have quite low conductivity: ~2
S/cm for LSCM,33 ~100 S/cm for LST,34 and 100-1000 S/cm for LSV.35 To complicate matters
further, these values decrease by one or two orders of magnitude when porosity is introduced. To
minimize ohmic losses, these anode layers can be made very thin to make up for their poor
conductivity, which typically limits the use of oxide anodes as anode supports. Our group has
successfully fabricated composite electrodes through infiltration of the each of these materials into
YSZ scaffolds.36–40 These electrodes are thin, ~30-60 microns thick, and in our experience, tapecast scaffolds with ~45 wt % loading of LST, LSCM, or 10 vol % LSV, is enough to provide sufficient
electronic conductivity. Unlike Ni anodes however, these oxides have very poor catalytic activity,
and thus require the addition of added catalysts. Without catalysts, each of the composites
exhibited very large anode polarization resistances yielding power densities typically less than 100
mW/cm2 at 700 °C. In these studies, catalytic activity was added by wet infiltration of catalysts
such as Pd, Pt, or Ni, etc with CeO2, (0.5-5 wt %) which dramatically decreased the anode
polarization resistance, thus increasing the power density to ~500 - 700 mW/cm2 at 700°C.
Another approach to adding catalytic activity to perovskite electrodes is metal-exsolution.
This process involves doping the perovskite lattice with cations that readily reduce to the metallic
state (Ni, Co, Fe, Pt, Pd). For example, by doping LST with Ni, Ni cations enter the host perovskite
lattice and remain there during oxidizing conditions. During reducing conditions, the Ni will leave
the perovskite host and migrate to the surface as it turns into the metallic state. 41 The result is
socketed Ni nanoparticles at the surface of the perovskite.

These particles are active for

electrochemical reactions as well as reforming reactions such as steam-reforming and water-gas
shift. The advantages of this approach over infiltration is that the catalysts are resistant to sintering
and are often tolerant to coking.42 Unlike Ni-cermets and infiltrated catalyst, redox cycling simply
causes the particles to go in and out of the lattice instead of agglomerating. The disadvantages of
this approach are: the often slow kinetics of exsolution which require reduction at high temperatures
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800-900 °C and the low metal utilization achieved.43 Kim and coworkers fabricated Ni-doped LST
thin-films and reduced them before examining a cross-section with scanning transmission electron
microscope energy dispersive spectroscopy (STEM-EDS). From the resulting images and STEMEDS map, it was clear that although the Ni readily exsolves from the lattice and forms metal
particles, the majority of the Ni metal is trapped in the bulk and not accessible for gas-phase
reactions despite a 12-hour reduction at 900°C. These shortcomings demonstrate that surface
modification approaches are more efficient in terms of metal usage, if the particles can be
stabilized, they can compete with exsolution approaches.
One approach that can be used to add very small amounts of catalysts to the perovskite
surface is ALD. ALD enables the usage of very low weight loadings of metal catalysts due to the
self-limiting nature. After deposition these catalyst particles can very small and will be highly
dispersed along the TPBs in the electrode which can enable high performance. Because ALD
deposits such small particles, there may be metal-perovskite interactions similar to exsolution that
stabilize the catalysts against sintering. Even if this is not the case and the particles do sinter, if
reasonable performance can be achieved with ALD, it is possible to develop methods to stabilize
the catalysts. Chapter 4 investigates the use of ALD to very easily deposit catalysts with ultra-low
loadings (~0.001 - 0.05 wt %) on the surface of LST-YSZ composites to enhance the catalytic
properties.

1.7.2 (Ba/Sr)FeO3 Perovskites
Except for CeO2, metal oxides are not thought of as good catalysts for the hydrogen
oxidation reaction (HOR). Metal catalysts are exclusively seen as active materials for HOR, and
the oxidation of metal catalysts to oxide phases is generally seen as a deactivation mechanism.
Recent work over the past few years has demonstrated that oxide materials such as SrFeO 3-y (SF)
can in fact have reasonable activity for HOR and that this behavior is not limited to metal catalysts.
Work by Barnett and co-workers demonstrated that perovskite anodes with Fe in an
oxidized state can be very active for HOR.44,45 At high temperature, the performance of
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SrTi0.3Fe0.7O3-y (STF) anodes which do not exsolve Fe, rivaled those of Ni-doped STF anodes that
exsolve Ni-Fe alloys under reducing conditions.45 The prevalence of oxidized (+2/+3) Fe at the
surface of SrTi0.7Fe0.3O3 electrodes under reducing conditions was also confirmed by Nenning et
al.46 This suggests that metallic Fe is absent and not responsible for the high activity demonstrated
here. Together, these findings demonstrate that there are more factors governing HOR activity than
previously thought. It is important to better understand the properties of these materials in order to
find ways to enhance the catalytic activity without the use of metal catalysts. Unlike metals, oxides
typically do not promote the formation of carbon fibers, so they could be useful anodes for oxidizing
carbon containing fuels. Additionally, they do not degrade due to redox cycling which can
accelerate sintering in metals.
By having A-site cations such as Ba or Sr which have +2 oxidation states, the Fe cations
in the B-site are forced into the +4 state when under oxidizing conditions. Fe typically does not go
to the +4 state, Fe2O3 is often considered to be fully oxidized Fe, as FeO2 is unlikely to form under
most conditions. Thermodynamic experiments demonstrate that SF rapidly reduces at high pO2
before slowing down and gradually approaching SrFeO2.5 (Fe +3) under SOFC anode relevant
conditions.47,48 BaFeO3-y (BF) also has a high oxygen deficiency and under reducing conditions will
approach the BaFeO2.5 phase. ABO2.5 corresponds to the Brownmillerite phase, suggesting that
having an extremely high oxygen non-stoichiometry for the perovskites is crucial to high
performance.
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This is quite different than the La (+3) based perovskites that are Sr-doped such

as La0.8Sr0.2FeO3-y (LSF) which require the B-site cations to be predominantly +3.
Recently Ma et al demonstrated that Ba0.5Sr0.5Fe0.9Mo0.1O3-y electrodes have exceptional
activity as both an SOFC anode and cathode.50 At 700 °C the polarization resistance (Rp) of the
anode in humidified hydrogen was as low as 0.09 ohm·cm2. XRD after high temperature reduction
once again shows a clear absence of metallic Fe particles. Forthcoming work by Ma et al, has
further investigated the nature of these oxides and compares Ba0.5Sr0.5FeO3-y (BSF) to
Ba0.5Sr0.5Fe0.9X0.1O3-y (BSFX) (Mo, Ti, Ta, W, Zr). These high valency dopants to stabilize the BSF
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lattice from the deleterious Brownmillerite phase transition under reducing conditions and allow the
electrode to achieve and maintain high activity. The BSF and BSFX electrodes have a tendency to
release large amounts of oxygen under high pO2s, which suggests a high reducibility or oxygen
donation potential at high pO2 may be responsible for high HOR activity under anode conditions.
This work demonstrates that by tuning the properties of these oxide anodes, high catalytic activity
can be achieved without the need to incorporate metal catalysts.
Despite these remarkable findings, and numerous studies on the phase and structure of
SF and BF, the anode performance has yet to be systematically studied and compared to metal
catalysts. At this time, very little work has been conducted on understanding why SF or BF
electrodes are active. In Chapter 6, we investigate the catalytic activity of the individual component
oxides to clearly illustrate the potential of these materials as catalysts.
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CHAPTER 2. Manufacturing Methods

2.1 Fabrication Procedure for Tape Cast Cells
2.1.1 Ceramic Tape Casting
Tape casting is a manufacturing technique in widespread use for creating thin sheets
(down to 5 microns) of metals, glasses, polymers, or ceramic materials. 1 It allows for the largescale production of almost infinitely long thin sheets of a variety of materials. These tapes are
polymer matrixes embedded with ceramic materials that will properly densify upon calcination. A
typical tape-casting slurry contains: solvents, binders, plasticizers, dispersants, and the key
material (in this case YSZ or any other electrolyte materials). To form a tape that possesses
porosity after firing, pore-formers such as graphite or starch can also be added.
The first step in tape casting involves forming a slurry of the oxide in powder form (e.g.
YSZ) with an aqueous solution or organic solvent, such as ethanol, methanol, toluene, xylene etc.
The choice of solvent is crucial because, in addition to influencing the drying speed, it must also be
able to dissolve the subsequent ingredients. To achieve a balance, mixing of solvents is sometimes
required. The dispersant is an additive that holds primary particles apart in a well-mixed suspension
so that the powder does not form agglomerates. The dispersant does this through ionic repulsions
or steric hindrances. Various oils, organic acids, or esters fulfil this purpose. One of the most
common dispersants is menhaden fish oil. The role of the binder is to form the polymer matrix in
the dried tape that holds the system together. It is the material that links the ceramic particles
together. The most common Vinyl binder used is poly(vinyl)butyral (PVB). The plasticizer is a binder
that makes the stiff polymer matrix pliable and enables tapes to be bent, deformed, and punched
without breaking. Butyl benzyl Phthalate (BBP) is used to impart stretchiness in the polymer matrix.
(Poly)Ethylene Glycol (PEG) is used to prevent cross-linking between polymers and to weaken the
matrix. Once the slurry is formed, it can be cast to produce a tape.
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2.1.2 Fabricating tri-layer SOFC Scaffolds Via Tape Casting
In my work, SOFC cells were fabricated using an ethanol/xylene-based tape-casting
process to create porous and dense YSZ tapes. Dense tapes serve as the basis for the electrolyte
and require the following ingredients for a dense tape slurry: 40 g of YSZ, 0.8 g of Fish Oil, 17.5 g
of Ethanol (200 proof), 10 g of Xylene, and 3 g of PVB-98. These ingredients are added to a
Nalgene bottle and ball-milled with Zirconia beads overnight. This breaks down the YSZ powder
into smaller particles and allows for the creation of a homogenous mixture. On the following day,
the plasticizers are added, 1.2 g of BBP and PEG-400 each. The slurry is once again ball-milled
overnight and is cast the following day. The porous tape slurry is created in a similar fashion with
the only difference being the ingredients: 40 g of YSZ, 0.9 g of Fish Oil, 12.6g of Ethanol (200
proof), 50.3 g of Xylene, 30.6 g of graphite and 16.2 g of PVB-79. On the following day, the same
plasticizers are added, 6.95 g of BBP and 6.95 PEG-400. Finally, the slurries are milled overnight
before casting.
The casting process is first performed by setting the doctor blade to the required height,
which determines the tape-thickness. The left height is set to 2.185 inches for dense tape and 2.135
inches for porous tape, while the right is set to 2.17 inches for dense tapes and 2.12 inches for
porous tapes. The slurry is then poured into the reservoir and the mylar sheet underneath (with the
slippery silicone side up) is slowly pulled by the tape caster until there is no slurry left in the
reservoir. The casted film is allowed to air-dry for 4 hours, after which it can be removed.
Disks are then punched from the resulting tapes (3/4 inch diameter for dense tape) and
(3/8 inch diameter for the porous tape). The tapes are assembled in a tri-layer structure with a cutout dense tape in-between two cut-out porous tapes. The tapes are aligned and pressed together
to ensure good contact, the cells were held between two Mylar sheets and laminated at ~70°C
between two hot plates under light pressure. Following lamination, the cells are held between two
zirconia plates and calcined to 1400 °C in air for 4 hours to produce a tri-layer YSZ cell with a dense
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electrolyte and porous scaffolds for the electrodes. Figure 2.1 Illustrates the Tape-casting and cell
fabrication process.

Figure 2.1 Fabrication of a tri-layer tape cell. 1) Tape-casting of YSZ slurries. 2) Assemble dry
tapes in the proper order. 3) Laminate tapes together and sinter them at 1400 °C.
The electrolyte is ~ 80 micron thick, while the electrodes are 50 to 60 microns thick. The
cells have diameter of 1.5 cm, and the porous layers have an area of 0.35 cm2. The typical scaffold
porosity is 60-70 %. Figure 2.2a has an SEM image of the interface of a YSZ scaffold with the
electrolyte formed by this tape-casting approach. Figure 2.2b is a simplified illustration of the porous
scaffolds on the dense electrolyte.
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Figure 2.2

YSZ scaffold formed via tape casting. a) SEM image of YSZ scaffold-electrolyte

interface2 b) Illustration of tri-layer cell.

2.2. Infiltration of Perovskites into Electrode Scaffolds
A common technique used to make SOFC electrodes, especially cathodes, is screen
printing. With this technique, electrode powders are ground and mixed together with an organic
solvent to form an ink. This electrode ink is then painted on to the electrolyte surface, and calcined
to high temperatures (900 °C-1200 °C) to form good contact between the two materials. While this
approach is very simple, fast, and cheap, it often results in poor-performing electrodes for a variety
of reasons. Even if high sintering temperatures are used, if the TEC match is poor and the electrode
is poorly adhered, an interfacial resistance can form and the electrode will delaminate over time.
The high processing temperatures required to achieve good adhesion can lead to solid-state
reactions between components (i.e. cause YSZ to readily react with LSCF and LSC and form
insulating phase). Additionally, electrodes formed by screen printing often have very low surface
areas due to the harsh sintering conditions. Finally, unless the electrode used is a mixed ionicelectronic conductor (MIEC) or kept very thin, a two-phase composite is required to minimize ohmic
losses.
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Solution infiltration, also called wet impregnation, is a low-temperature approach to adding
an active material to an SOFC electrode. Nitrate salt precursors of the desired material are added
to a solution in the proper ratio. The solution is then used to fill the pores of the electrode. A low
calcination temperature is required to remove the solvent and also decompose the nitrate salts
(~500 °C). The process is repeated multiple times until the desired loading is achieved, after which
the cell is calcined at a to form the perovskite phase.
This technique can be used to improve the performance of electrodes prepared through
traditional means by adding nanoparticles that will increase the surface area, conductivity, catalytic
activity, the concentration of Three-Phase Boundary sites (TPBs), etc. A more effective approach,
however, is to use a porous, well-sintered, ionic conducting scaffold, such as one formed via tapecasting, and infiltrate the electronic conductors and any needed catalysts. This approach has
several advantages. First, the use of solutions allows for the desired phases to be formed at
reduced temperatures and forgo solid-state reactions or phase transitions. For the cathode, LSC
nanoparticles can be formed as low as 750 °C, which will drastically reduce the rate of insulating
phase formation compared to LSC powder that is co-fired with YSZ above 900 °C to achieve good
contact. For anodes, this allows the use of unique materials such as Cu which have a very low
melting point and thus are not suited for use in anode-supported cells or screen-printed electrodes.
Second, TEC matching is no longer a severe concern. Because the electrode scaffold is co-fired
with the electrolyte, the possibility of electrode delamination during expansion is severely reduced,
because the TEC of the composite electrode is typically close to that of the scaffold material itself.
Additionally, because the ionic scaffold is co-fired with the electrolyte, it is well-sintered and thus
provides minimal ohmic losses once an electronic conductor is added. Third, the infiltration
approach results in a large number of TPB sites and lower ohmic losses due to the drastic reduction
in length scales between ionic and electronic conducting phases compared to electrodes formed
by traditional means. Finally, infiltration typically results in small nanoparticles that give the
electrode a high surface area. In this thesis, electrodes are formed exclusively via tape-casting
followed by infiltration. Figure 2.3 reproduces SEM images illustrating the morphology of LSF-YSZ
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and LST-YZ cells formed via infiltration into YSZ scaffolds. The smooth regions are the YSZ and
the rough particles are the infiltrated materials. Figure 2.3c is an illustration of the nanoparticles
embedded in the sintered scaffold.

Figure 2.3 SEM image of Infiltrated electrodes a) LSF-YSZ electrode3 calcined at 850 °C b) LST-YSZ
electrode4 calcined at 1100 °C c) illustration of infiltrated composite electrode.
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2.3 Atomic Layer Deposition

Atomic Layer Deposition (ALD) is a surface modification technique that can be used to alter
the surfaces chemistry of materials in a layer-by-layer manner. ALD allows for the deposition of
metals/metal-oxides in conformal coatings on flat or porous materials. It is performed by reacting
an oxide surface with metal-organic precursors, purging the excess precursors, and then using
oxidants or reductants to remove ligands. The process is repeated until the desired coverage is
achieved (Figure 2.4). Due to the presence of ligands, the deposition is self-limiting when carried
out in the proper temperature range, with one cycle leading to a maximum of one monolayer of
coverage. Typical coverages vary between ~0.1 Angstrom to 1 Angstrom per cycle. 5,6

Figure 2.4. Schematic of the ALD process. 3 steps that are repeated to achieve the desired
coverage.

ALD modification of porous supports and fuel cell materials was performed in a homebuilt
apparatus depicted in (Figure 2.5). Most commercial ALD systems use a short pulse of the
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precursor vapor in a carrier gas during growth. While this works well for planar samples, diffusional
limitations encountered for highly porous samples can result in growth primarily on the external
surface using this approach.7 To overcome this limitation without using a carrier gas in a flow
configuration, we evacuated the sample to a pressure of ∼200 millitorr and then exposed it to the
vapor of the ALD precursor for ∼5 min. This is done by heating the sample and precursor chambers
to the appropriate temperatures and opening the valve to allow the vapor to flow into the substrate
chamber. Removal of excess precursor was achieved by 5 min of evacuation. Evacuation was
achieved with a mechanical roughing pump that is preceded by a cold trap to capture excess
precursors. The rest of the system is contained in an insulated metal box, with heaters to bring the
valves to a sufficiently high temperature (120 - 280 °C) to avoid condensation of the precursors.
Oxidation of the precursors was performed at 500 °C for 5 mins in air unless otherwise stated.

Figure 2.5. Schematic of the custom ALD apparatus, including dosing capabilities for NO 2 or H2.
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CHAPTER 3.
Surface Modification of SOFC Cathodes by Co, Ni, and Pd Oxides
Abstract
The effect of adding transition-metal catalysts to the surfaces of Solid-Oxide-Fuel-Cell
(SOFC) cathodes was examined. Monolayer amounts of PdO, NiO, and Co3O4 were deposited by
atomic layer deposition (ALD) to cathodes prepared by impregnation of La 0.8Sr0.2FeO3 (LSF),
La0.8Sr0.2CoO3 (LSCo), and La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) into YSZ scaffolds. Incorporating the
catalysts by ALD allowed modification of the surface composition without changing the cathode
surface area or structure. X-ray Photoelectron Spectroscopy and High Sensitivity-Low Energy Ion
Scattering were used to confirm ALD growth rates that were measured gravimetrically.
Electrochemical impedance spectroscopy indicated that the addition of PdO had a small negative
effect on all of the cathodes. NiO and Co3O4 exhibited only a small effect on LSCo and LSCF
cathodes but both decreased the cathode impedance for LSF. It is suggested that an essential
feature in cathode promotion by Co3O4 and NiO is that these cations are incorporated into the
perovskite surface and thereby increase the concentration of oxygen vacancies, while PdO only
blocked adsorption sites.

3.1 Introduction
Cathodes are the rate-limiting component in most Solid Oxide Fuel Cells (SOFC) but
identifying the factors involved in determining performance is often difficult. Cathode composition
is clearly important since it can affect the rate of dissociative adsorption of O 2 on the cathode
surface. However, structure is equally important. The Oxygen Reduction Reaction (ORR) can only
occur at sites that are simultaneously accessible to gas-phase O2, an electronically conductive
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phase, and an ionically conductive phase. The concentration of these three phase-boundary (TPB)
sites can be increased by using mixed ionic and electronic conductors (MIEC) in the electrode 1 and
by using composites of the active component with the electrolyte so as to channel oxygen ions to
the dense electrolyte layer.2
Regarding the effect of surface composition, significant effort has gone into enhancing the
ORR rate through the addition of catalysts, usually by infiltration.3 That infiltration of “catalysts” can
improve cathode performance has been shown by many groups but the mechanism by which this
occurs is still uncertain. Indeed, many of the additives which have been shown to enhance
performance (e.g. SrO,4-6 K2O,7 CaO7,8 and CeO27,9) are not thought of as being catalytic or even
good conductors. There also appear to be discrepancies in reports from different groups. For
example, the decoration of La0.8Sr0.2CoO3 (LSCo) by SrO has been reported in one study to
increase cathode performance by an order of magnitude,10 while surface segregation of SrO has
been implicated in decreasing oxygen exchange rates in other studies.9,11-13 In other examples,
Uchida and coworkers found that the addition of Pt significantly enhanced the electrochemical
performance of La0.8Sr0.2MnO3 (LSM)/Yttria-Stabilized-Zirconia (YSZ) composites,14 and Erning et
al. reported similar enhancements through the addition of Pd,15 while Haanappel and coworkers
reported that neither Pd nor Pt had any effect on the performance of LSM cathodes.16 Apparent
discrepancies also exist for claims about the effect of infiltrated cobalt oxide. Yamahara, et al.
reported significant improvements in cathode performance following the addition of small Co3O4
nanoparticles17,18 but Huang et al. reported that the incorporation of CoOx had no effect on LSMYSZ cathode impedances.19
A complicating factor for understanding how cathode modification by catalyst infiltration
improves performance is that the addition of catalyst nanoparticles can also increase the
concentration of TPB sites by changing the electrode nanostructure and surface area. Indeed, it
has been shown that the addition of La0.8Sr0.2FeO3 (LSF) nanoparticles to an LSF-YSZ cathode
could significantly improve cathode performance in some cases.20 Since the composition was
unchanged by the addition of LSF to LSF-YSZ, the addition of nanoparticles in this case likely just
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increased the surface area. An important implication is that improved performance following the
addition of other “catalysts” may not be due to better surface composition but rather to increases
in the number of TPB sites.7
Recent work from our laboratory has demonstrated that increased adsorption rates,
normalized to surface area, can increase ORR. This was shown by measurements of cathode
impedances following addition of monolayer and sub-monolayer amounts of A- and B-site cations
to the surface of the cathodes by Atomic Layer Deposition (ALD).21 Because the quantity of added
material was on the order of a monolayer, cathode surface area and structure were unaffected.
Importantly, this study showed that the surface terminating layer in doped, ABO 3 perovskites could
change performance,21 presumably by changing the number of oxygen vacancies at the surface.
However, the question remains whether addition of a catalyst could be used to enhance the rate of
O2 dissociation and thereby decrease the cathode impedance. Results from the previous ALD study
also point out an advantage for working with cathodes formed by infiltration at low temperature in
order to understand the effects of surface composition. High-Sensitivity Low Energy Ion Scattering
(HS-LEIS) measurements reported in that work showed that LSF-YSZ electrodes formed by
infiltration and calcination at 1123 K had a surface composition close to the bulk composition, while
LSF powders calcined at 1473 K were heavily enriched in SrO, a known poison in these systems2227.

By working with electrodes formed at lower temperatures, the initial surface composition is likely

closer to that of the bulk. In the present work, we investigated the possibility that catalyst addition
could enhance O2 dissociation rates by modifying LSF, Sr-doped LaCo0.2Fe0.8O3 (LSCF), and LSCo
surfaces with monolayer quantities of Co3O4, NiO, and PdO via ALD. By using ALD at monolayer
quantities, cathode structure and surface area were not changed and only surface composition and
catalytic properties were affected. Co3O4, NiO, and PdO were chosen for this study because of
their differing properties. Pd is one of the most effective oxidation catalysts because it dissociates
O2 readily, while forming relatively weak PdO bonds that facilitate donation of that oxygen to a
reactant, an oxygen vacancy site on the perovskite surface in this case. Co and Ni form much
stronger metal-oxygen bonds and are not as effective at donating the oxygen. However, Co and Ni
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can be incorporated more easily into a perovskite lattice. Here, we will show that Pd is not an
effective promoter for any of the perovskites investigated. Not surprisingly, the addition of Co had
no effect on the Co-containing perovskites, LSCF and LSCo, but did improve the performance of
LSF, presumably by becoming part of the perovskite lattice. Similarly, the addition of Ni also
improved only the cathodes based on LSF.

3.2. Experimental
Symmetric cells with LSF-, LSCF-, and LSCo-YSZ cathodes were prepared by infiltration
of nitrate salts into porous, YSZ scaffolds and were prepared in a manner similar to that used in
previous work.28 The starting porous-dense-porous, YSZ wafers were fabricated by tape casting,
using pore formers to achieve porosity in the outer layers. After calcination, the dense electrolyte
was 1.5-cm in diameter and 80-μm thick, while the 60% porous layers were 0.67-cm in diameter
and 30-μm thick. Roughly 10 infiltration steps of the appropriate salts (La(NO 3)3·6H2O (Alfa Aesar,
99.9%), Sr(NO3)2 (Alfa Aesar, 99%), Co(NO3)2 ·6H2O (JT Baker Inc., 99.8%), or Fe(NO3)3·6H2O
(Fisher Scientific,98.4%)) were required to give a 35-wt% loading of each perovskite. The molar
ratios

of

salts

were

La:Sr:Fe=0.8:0.2:1

for

LSF,

La:Sr:Co=0.8:0.2:1

for

LSCo,

and

La:Sr:Co:Fe=0.6:0.4:0.2:0.8 for LSCF. The final calcination temperature was 1123 K for LSF and
LSCF but only 1073 K for LSCo.
ALD was performed in a home-built apparatus with the design and procedures listed in
Chapter 2.4. The exposure and evacuation temperatures were 437 K for the Co and Ni precursors
and 453 K for the Pd precursor. Because the precursors used in this study could not be easily
oxidized at the exposure temperatures, the samples were removed from the system and oxidized
in air at 773 K for 5 min for the oxidation part of the cycle. This process was then repeated for the
desired number of cycles. The precursors used in this study were Pd(TMHD) 2, Co(TMHD)3, and
Ni(TMHD)2 (TMHD=2,2,6,6-tetramethyl-3,5-heptanedionato), all of which were purchased from
Strem Chemical, Inc.
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Growth rates were determined gravimetrically using high surface area γ-Al2O3 powders as
the substrate in order to enhance the accuracy of the measurement, as discussed elsewhere,28
and were consistent with the X-ray Photoelectron Spectroscopy (XPS) and HS-LEIS
measurements that will be reported here. They were found to be 5.6×10 17 Pd/m2-cycle
(corresponding to 0.014 nm/cycle), 7.8×1017 Co/m2-cycle (0.017 nm/cycle), and 9.0×1017 Ni/m2 cycle (0.017 nm/cycle).
Spectra for XPS and HS-LEIS were obtained before and after deposition of Co3O4, PdO,
and NiO on the LSF-YSZ cell. XPS were acquired using an Al K-α X-ray source (VG Microtech)
and a hemispherical electron energy analyzer (Leybold-Heraeus). The binding energies of features
in the spectra were referenced to the La 3d5/2 peak at 833.7 eV.32 This value is consistent with that
previously reported for La3+, and the splitting of the 3d5/2 and 3d3/2 peaks results from the 4f0 and
4f1 final states which are close in energy.33 HS-LEIS were acquired using a Qtac 100 HS-LEIS
spectrometer system. The samples were sputtered with a 0.5 keV, 5×1014 ions cm-2-Ar+ beam to
remove carbon, and the spectra were then taken using a 5 keV, 1×1014 ions cm-2-Ne+ beam.
Electrode performance was measured using Electrochemical Impedance Spectroscopy
(EIS) in air at 873 K using a Gamry Instruments Potentiostat, with a 1-mA AC perturbation at open
circuit, from 300 kHz to 0.1 Hz. For further elaboration on cell testing techniques, see Chapter 1.
Measurements were performed at 873 K to minimize any interdiffusion of surface species.28 Current
collection was achieved with Ag wire and Ag paste. Because there was some variation in the
performance of different cells, the effects of ALD modification in each case were measured on the
same cell, before and after deposition. To minimize thermal effects on the ALD films, all cell testing
was performed immediately after ramping the temperature to 873 K at 15 K/min.

3.3 Results
3.3.1 XPS characterization of ALD modified electrodes
To determine whether the gravimetrically measured growth rates on the γ-Al2O3 powder
were representative of those on LSF, XPS measurements were performed on the LSF-YSZ
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cathodes before and after modification by 10 and 40 ALD cycles of the Co precursor. These results
are shown in Figure.3.1. Figure. 3.1 a) displays the Co 2p1/2 and 2p3/2 region of the spectrum. No
Co peaks are present for the fresh sample but peaks at 780 and 795 eV emerge upon Co ALD.
Due to the fact that the Co2+ spectrum has peaks with large satellites in this energy range, one may
expect that the mixed valent Co3O4 (2+ and 3+) could have these satellites as well. However, this
is not the case; Co3O4 is observed experimentally to only have two peaks with very small, if any,
satellites in this energy range. Therefore, the spectra in Figure. 3.1 are consistent with that reported
for Co3O4.34
The peak intensities after 40 ALD cycles were roughly two times that observed after 10
cycles, even though the Co3O4 coverage should be four times higher. This is consistent with the
fact that XPS is more sensitive to atoms at the surface. Based on the gravimetric measurements
on γ-Al2O3, 10 ALD cycles should yield a film of Co3O4 that is 0.17 nm thick, while 40 ALD cycles
would yield a 0.68-nm film. Since the mean-free path for photo-emitted electrons in this energy
range is approximately 0.7 nm,35 the spectra are roughly consistent with the expected film
thicknesses. Spectral features of the underlying La and Fe, shown in Figure 3.1b) and c), provide
a better check of the Co3O4 film uniformity and thickness. The peak intensities for these features
were slightly suppressed after 10 ALD cycles but almost completely blocked after 40 cycles. It is
also noteworthy that any non-uniformity in the deposited film after 40 cycles would have exposed
the La and Fe features.
XPS results following 10 ALD cycles of NiO are shown in Figure 3.2. The original La2O3
reference signal is depicted in gray. The green spectrum is the result following Ni deposition and
shows overlap between the Ni 2p3/2 and La 3d3/2 features. Despite the overlap, the binding energy
of the Ni 2p3/2 electrons is a clear indication of Ni in the +2 oxidation state, as expected.
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Figure 3.1. XPS of an LSF-YSZ cathode before and after deposition of Co3O4. a) Co; b) La; and c)
Fe. The gray spectrum is for the pristine LSF, while the orange spectrum was taken after 10 cycles
of Co ALD and the yellow spectrum after 40 cycles.
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Figure 3.2. XPS of an LSF cathode before (gray) and after (green) 10 Ni ALD cycles. The signal
indicated by the red arrow is indicative of NiO.

Additionally, the shake-up feature present at 861 eV is a distinct characteristic of Ni2+. Suppression
of the intensity of the La 3d3/2 feature is also consistent with the presence of a uniform 0.17-nm film
of NiO. XPS measurements were also performed after deposition of 10 ALD cycles of Pd. While
we did not attempt to look for suppression of the La and Fe features following Pd deposition, the
Pd spectra exhibited peaks corresponding to Pd 3d3/2 and Pd 3d5/2 at the energies expected for
PdO.36

3.3.2 HS-LEIS characterization of ALD modified electrodes
HS-LEIS for the LSF-YSZ electrode, before and after adding 5 and 10 ALD cycles Co 3O4,
are shown in Figure 3.3. HS-LEIS is much more surface sensitive than XPS and provides a better
measure of the composition at the surface. First, there were no peaks associated with either Y or
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Zr. This is due to the fact that the composite electrodes were prepared by infiltration, which caused
the YSZ component of the electrodes to be covered in all cases. As expected, the spectrum for the
LSF-YSZ sample exhibited peaks for La, Sr, and Fe at ~2880 eV, ~2150 eV, and ~1200 eV
respectively. Following the addition of 5 ALD cycles (0.085 nm) of Co3O4, the peaks associated
with Fe, La, and Sr are significantly attenuated, ~60%, while a shoulder corresponding to Co forms
near the Fe peak at ~1300 eV. Upon deposition of 10 cycles of Co (film thickness of ~0.17 nm), the
Co signal is clearly visible as a peak adjacent to the Fe peak.

Figure 3.3. HS-LEIS spectra of the pristine LSF-YSZ cell (solid black), together with spectra for the
cell modified by 5 (dashed green) and 10 (green) ALD cycles of Co.
HS-LEIS for the LSF-YSZ electrode are shown in Figure 3.4 after modification by 10 ALD
cycles of either Co3O4 (0.17 nm), NiO (0.17 nm), or PdO (0.14 nm). Considerable attenuation of
the substrate peaks was observed after 10 cycles of each metal oxide, and peaks associated with
Co (~1300 eV), Ni (~1290 eV), and Pd (~2430 eV) were clearly observed. Because the atomic
masses of Ni, Fe, and Co are all similar, there is significant overlap in the signals for these species.
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The results also demonstrate that, while a significant fraction of the surface is covered by the
catalytic metals in each case, some of the underlying perovskite remains exposed to the gas phase.

Figure 3.4: HS-LEIS spectrum of the pristine LSF-YSZ cell, together with spectra for LSF-YSZ cells
modified by 10 ALD cycles of Co, Ni, and Pd.

3.3.3 Oxygen Electrode Performance after ALD Surface Modification
The effect of adding 10 ALD cycles of PdO on the performance of LSF-YSZ, LSCF-YSZ,
and LSCo-YSZ electrodes is shown in Figure 3.5. The impedance spectra shown here were
measured on symmetric cells, in air at 873 K. The low measurement temperature was chosen to
minimize both electrode coarsening32 and diffusion of cations from the surface. The ohmic
resistances, which varied between 0.4 and 0.5 Ω·cm2 and were in good agreement with that
expected for an 80-μm YSZ electrolyte at this temperature, have been removed for simplicity.
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Because there were variations in the performance of individual cells, measurements taken before
and after modification by ALD are shown for the same cells. Prior to addition of PdO, the
impedances of the two Co-containing electrodes were lower than that of the LSF-YSZ electrode,
as expected. More interesting, for each of the electrodes, the addition of Pd gave rise to a small
increase in the impedance, from 0.30 to 0.32 Ω·cm2 on LSCo, from 0.28 to 0.32 Ω·cm2 on LSCF,
and from 0.45 to 0.55 Ω·cm2 from LSF. Clearly, PdO did not have a positive catalytic effect on any
of the electrodes. The small increase in the impedance may be due to partial covering of oxygen
defect sites at the surface, similar to what was reported after deposition of ZrO2 in previous work.28

Figure 3.5. EIS results at 873 K for LSF, LSCF, and LSCo symmetric cells before and after 10
cycles of Pd ALD.

Results obtained following the addition of 10 ALD cycles of Co3O4 are shown in Figure 3.6.
The initial performances of this batch of cells was somewhat lower, with initial impedances of 0.40
Ω·cm2 for LSCo-YSZ, 0.39 Ω·cm2 for LSCF-YSZ, and 0.59 Ω·cm2 for LSF-YSZ. The addition of
Co had no effect on the performance of LSCo and only a relatively small positive effect on LSCF,
with the impedance decreasing to 0.34 Ω·cm2. However, the impact on the LSF-YSZ electrode was
significant, decreasing from 0.59 to 0.35 Ω·cm2, close to the value expected for LSCo-
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Figure 3.6. EIS results at 873 K for LSF, LSCF, and LSCo symmetric cells before and after 10
cycles of Co ALD.

YSZ.29 We suggest that, in the case of LSCo-YSZ and LSCF-YSZ electrodes, the addition of more
Co had little impact because there was already Co at the surface in these two materials. With LSFYSZ, the addition of Co to the surface made the surface properties similar to that
of the electrodes which already contained Co.
The impedance spectra for electrodes obtained following 10 ALD cycles of Ni are reported
in Figure. 3.7 and show similarities to those reported for Co. Again, the effect of adding Ni to the
LSCo-YSZ and LSCFYSZ electrodes was small, with the LSCo-YSZ electrode decreasing from
0.50 to 0.48 Ω·cm2 and the LSCF-YSZ electrode actually increasing from 0.35 to 0.38 Ω·cm2. The
largest change was again observed for the LSF-YSZ electrode, for which the impedance decreased
from 0.65 to 0.48 Ω·cm2.
Because the LSF-YSZ electrodes were affected most by the addition of catalytic metals,
we measured the performance of this material as a function of catalyst coverage at 873 K, with
results shown in Figure 3.8. Here, we have plotted the percent change in the electrode impedance
as a function of metal coverage for each of the catalysts. With PdO addition, the impedance
increases with coverage, suggesting again that the PdO is simply covering the surface. With Co,
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even one ALD cycle was sufficient to significantly decrease the electrode impedance. The results
with Ni were less dramatic but still favorable.

Figure 3.7. EIS results at 873 K for LSF, LSCF, and LSCo symmetric cells before and after 10
cycles of Ni ALD.
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Figure 3.8. Change in the polarization resistance of LSF-YSZ electrodes as a function of added
oxides of Pd, Co, and Ni. Impedances were measured at 873 K.

3.4. Discussion
The results shown here demonstrate that the addition of dopant levels of PdO to the
surfaces of LSF-YSZ, LSCF-YSZ, and LSCo-YSZ electrodes has little effect on their performance.
The addition of dopant levels of Co and Ni improve the performance of LSF-YSZ electrodes but do
not affect LSCF-YSZ and LSCo-YSZ electrodes. What we suggest happens with the addition of Co
and Ni is that the deposited metal atoms become incorporated into the surface layer of the
perovskite. Because reduction of lattice Co and Ni cations is facile relative to Fe, the presence of
these metals in the perovskite surface assists in the formation of oxygen vacancies. It is these
vacancies that are required for oxygen adsorption.1 LSCo-YSZ and LSCF-YSZ electrodes already
have the highly reducible Co in their surfaces, so that adding more of the reducible metal does not
significantly change their properties. The results here further suggest that Pd is not incorporated
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into the perovskite lattice; and, therefore, has a minimal effect on the concentration of surface
vacancies on any of the perovskites. Figure 3.9 makes this point graphically. Having a metal
catalyst above the surface of the perovskite electrode, even one as catalytically active for O 2
dissociation as Pd, does not assist in the dissociation of O2 or the incorporation of oxygen ions into
the lattice.

Figure 3.9: Schematic showing the effects of adding monolayers of Pd, Ni, and Co to
the perovskite cathodes.

It is interesting to compare the results shown here to previous reports in the literature. As
pointed out in the Introduction, addition of nanoparticles by infiltration can affect electrode
performance by ways other than simply adding catalytic activity, so that improvements may be due
to changes in the electrode surface area or morphology.20 Similarly, when electrodes are modified
by ALD films that are several nanometers thick,37 improvements in electrode performance are likely
to be due to morphological effects, at least in part.
Some differences between past and present results can be understood by differences in
the coverages. For example, Choi et al. reported increased electrode impedances following
deposition of CoOx on LSCo cathodes,38 while Co3O4 addition had no effect on LSCo-YSZ
electrodes in our study. The difference is likely due to the higher CoOx film thickness (coverage) in
the previous work, almost 2 nm compared to ~0.17 nm in our case. We suggest that the relatively
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thick CoOx film used in the Choi et al. study could partially cover the oxygen vacancy sites and
decrease oxygen adsorption in that way.
More interesting are the significant improvements reported following ALD of LSCo films
onto an LSCF cathode.39 Given that the performance of LSCo-YSZ and LSCF-YSZ electrodes
formed by infiltration in the present study exhibit nearly identical performance, the improvement is
somewhat surprising. One possibility is that the underlying LSCF cathode may have had a surface
enriched in SrO prior to the addition of a film of LSCo.40 In that case, the addition of LSCo by ALD
would restore the surface to its ideal composition.
An obvious complication in any study of the effects of surface composition is the fact that
cations can diffuse to and from the surface with relative ease. 30 In previous work on surface
modification of cathodes from our laboratory, the effects of sub-monolayer films were stable for
periods of at least a day at 873 K; however, the effects disappeared upon brief heating to 1073 K,
suggesting rapid diffusion from the surface at the higher temperatures. To take advantage of
surface promotion, it will therefore be necessary to develop ways of stabilizing the surface
composition.
There are indications that stabilizing surface composition may be possible. For example,
Wen, et al. reported that a “ZrO2 overcoat can effectively suppress the Sr-segregation by reducing
the surface concentration of oxygen vacancies.”40 Presumably, the stabilization in this case results
from a change in the thermodynamic driving force on the SrO. How this stabilization can occur
without also increasing the cathode impedance is not clear at the present time, but the results do
suggest avenues for future work.
Obviously, reaching the goal of improved cathode performance will involve development
of better cathode structures. What we have shown here is that surface composition also plays a
role. The best catalysts for this application will likely be metal cations that can be incorporated into
the perovskite lattice to increase the oxygen vacancy concentration, rather than precious metals,
like Pd.
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3.5. Conclusions
The results here suggest that catalytic, transition metals can improve the intrinsic ability of
the perovskites used for SOFC cathodes to adsorb O 2 by increasing the oxygen-vacancy
concentrations. However, it appears that it is necessary for these transition metals to be
incorporated into the surface of the perovskite structure. The addition of precious metals, such as
Pd, is not effective for increasing cathode performance unless they can be incorporated into the
surface structure.
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CHAPTER 4
Investigating the Catalytic Requirements of Perovskite Fuel
Electrodes Using Ultra-Low Metal Loadings

Abstract
Solid Oxide Fuel Cells (SOFC) with La0.3Sr0.7TiO3 (LST)–yttria-stabilized ZrO2 (YSZ)
anodes were prepared by impregnation of LST into porous YSZ scaffolds and then modified by
Atomic Layer Deposition (ALD) of Ni, Pt, Pd, Fe, Co. and CeO 2. Weight loadings as low as 0.01%
of Pt, Ni, and Pd were sufficient to decrease anode impedances by orders of magnitude for
operation in humidified H2 at 973 K. The effects of CeO 2, Co, and Fe were less but still significant.
Sintering at higher temperatures was important. Possible ways of stabilizing the metal particles and
implications for developing ceramic anodes are discussed.

4.1 Introduction
Solid Oxide Electrochemical Cells (SOCs) are promising energy conversion devices that
can be used to produce energy in fuel cell mode (SOFC) or, alternatively, to produce green
hydrogen and carbon monoxide through electrolysis (SOEC) of water or carbon dioxide. 1 State of
the art Ni-cermet fuel electrodes can exhibit good performance in both SOFC and SOEC modes;
however, they also have several drawbacks including poor redox stability,2,3 vulnerability to
poisoning by sulfur,4,5 and high catalytic activity for the formation of carbon fibers when exposed to
CO, CO2 or hydrocarbon-based fuels.6,7 To overcome these shortcomings of Ni cermets, alternative
fuel electrodes based on electronically conductive ceramics have been developed.8-14 Several
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promising candidates for ceramic fuel electrodes include members of the perovskite (ABO3) family:
La0.3Sr0.7TiO3 (LST),15,16 La0.8Sr0.2Cr0.5Mn0.5O3 (LSCM),17-19 and La0.7Sr0.3VO3 (LSV).20 These
materials are of interest because they are inert towards carbon formation, have high sulfur
tolerance, and are redox stable. While the electronic conductivity of these perovskite electrodes is
adequate, their catalytic activity is very poor. Therefore, much effort has been directed at enhancing
their inherently poor catalytic activity by incorporating metal catalysts onto the electrode surface.
To take advantage of the potential sulfur and carbon tolerance of ceramic anodes, the
catalyst must also be stable and precious metals are an excellent candidate for this application.21
Because of the price, it is essential that metal loadings be very low when using these. Unfortunately,
it is difficult to add very small amounts of precious metals to the ceramic composite and still achieve
effective catalytic properties. The most common way to add catalyst is through wet infiltration with
metal salts.15-20 The amount of catalytic metal that is added is usually significant, at least 1 wt%.
Another approach for providing catalytic activity to ceramic anodes involves doping the B-site of
the perovskite with a small amount of a reducible metal (Fe, Co, Ni, Pd, Pt, etc). Under reducing
conditions, the metal can exsolve from the perovskite lattice and form metal particles that migrate
to the surface.22,23 Although exsolution catalysts have desirable properties, such as high catalytic
activity, coking resistance, redox stability, and sintering resistance, 24 most of the catalytic metal is
wasted because it remains trapped in the bulk.25
While some recent studies have investigated the performance of anodes with very low
catalyst loadings,26,27 there has yet to be a study that systematically investigates the minimum
catalyst loading needed to achieve acceptable activity and do so for a number of different materials.
In the current study, Atomic Layer Deposition (ALD) was used to determine the minimum amount
of metal catalyst required to achieve activity on par with that of Ni-YSZ (Ni Yttria-stabilized Zirconia)
cermets using a ceramic anode composed of an LST-YSZ composite. In particular, we investigated
the activity of the LST-YSZ∣∣YSZ∣∣LSF-YSZ cell before and after the addition of sub-monolayer
amounts of transition metals (Fe, Ni, and Co), precious metals (Pt and Pd), or CeO2. Herein, we
will demonstrate that fuel electrodes modified with ultra-low catalysts loadings (∼0.01 wt %) via
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ALD exhibit good performance in fuel cell mode using conventional materials in the electrolyte and
oxygen electrode.

4.2 Experimental
SOFCs with a La0.3Sr0.7TiO3 -YSZ (LST-YSZ) anode and a La0.8Sr0.2FeO3 -YSZ (LSF-YSZ)
cathode were prepared by infiltration of metal precursors into porous, YSZ scaffolds that were
prepared in a manner similar to that described in detail in previous work.16,28 The starting porousdense-porous, YSZ wafers were fabricated by tape casting, using pore formers to achieve porosity
in the outer layers. The 8 mol % yttria YSZ was purchased from TOSOH Corp. Further details about
the tape-casting process and the full list of ingredients used can be found elsewhere.29 After
calcination at 1673 K for 4 h, the dense electrolyte was 1.5-cm in diameter and ∼80-μm thick, while
the 65% porous layers were 0.67-cm in diameter and ∼50–60 μm thick. The electrode active area
was 0.35 cm2. Roughly 12 infiltration steps of the appropriate precursor solution (La(NO3)3·6H2O
(Alfa Aesar, 99.9%), Sr(NO3)2 (Alfa Aesar, 99%), and dihydroxy-bis (ammonium lactato) Ti(IV) 50
wt% solution (Alfa Aesar) or Fe(NO3)3·6H2O (Fisher Scientific, 98.4%)) were required to give the
proper loading of each perovskite (45 wt% LST, 35 wt% LSF). The molar ratios of the metals were
0.8-La:0.2-Sr:1-Fe for LSF, and 0.3-La:0.7-Sr:1-Ti for LST. LST was infiltrated first, and the cell
was calcined to 1373 K for 4 h. LSF was infiltrated next, and the cell was calcined to 1123 K for 1.5
h. Two cells had either Ni or Pt infiltrated into the LST-YSZ electrode using a Ni(NO3)2·6H2O
solution or Pt(NH4)4(NO3)2 solution, respectively.
ALD modification of the pristine LST-YSZ∣∣YSZ∣∣LSF-YSZ cells was performed in a
homebuilt apparatus, with the design and procedures listed in Chapter 2.4. The exposure and
evacuation temperatures were 473 K for the Co, Ni, and Pt precursors, and 453 K for the Pd
precursor. The Ce precursor was deposited at 503 K and the Fe precursor was deposited at 523
K. The samples were removed from the system and oxidized in air at 773 K for 5 min for the
oxidation part of each ALD cycle. This process was repeated for the desired number of cycles. The
precursors used in this study were: Pd(TMHD)2 (5.6·1013 Pd atoms·cm-2·cycle-1), Co(TMHD)3
(7.0·1013 Co atoms·cm-2·cycle-1), Ce(TMHD)4 (3.8·1013 Ce atoms·cm-2·cycle-1), and Ni(TMHD)2
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(9.0·1013 Ni atoms·cm-2·cycle-1), (where TMHD = 2,2,6,6-tetramethyl-3,5-heptanedionato).
Ferrocene (1.0·1014 Fe atoms·cm-2·cycle-1), and Pt(II)acetylacetonate (Pt-acac) (1.0·1014
atoms·cm-2·cycle-1), all of which were purchased from Strem Chemical Inc. Growth rates were
determined gravimetrically using high surface area γ-Al2O3 powders as the substrate in order to
enhance the accuracy of the measurement. Note that we have shown previously that ALD growth
rates are similar on various metal-oxide substrates.32,33 Cells modified with ALD will be denoted by
the number of ALD cycles and material deposited. e.g. 1 Ni ALD. Cells where the LST-YSZ
electrode was infiltrated with Ni or Pt will be denoted as Inf Ni and Inf Pt. Table 4.1 shows the metal
loadings on the LST-YSZ electrodes modified by ALD or infiltration that were used in this study.

wt % of metal in LSTYSZ electrode
1 Pt ALD
1.0·10-2
5 Pt ALD
5.210-2
1 Ni ALD
2.710-3
5 Ni ALD
1.410-2
5 Pd ALD
1.510-2
5 Co ALD
1.210-2
5 CeO2 ALD
1.710-2
5 Fe ALD
1.510-2
Infiltrated Cells
Inf Ni
1
Inf Pt
0.5
Sample

Table 4.1: Metal loadings in LST-YSZ electrode

X-ray Diffraction (XRD) was used to confirm the formation of the correct perovskite phases
in the electrodes (Figure 1a) and was performed with a Rigaku Miniflex diffractogram with a CuKα
X-ray source (λ= 0.15416 nm). Scanning Electron Microscopy (SEM) was performed with a FEI
Quanta 600 FEG ESEM under 0.15 torr of humidity. High Sensitivity-Low Energy Ion Scattering
spectroscopy (HS-LEIS) was used to determine the coverage of the ALD deposited metals and
were acquired using a Qtac 100 HS-LEIS spectrometer system using a 5 keV Ne+ beam (1·1014
ions·cm-2). Prior to LEIS analysis the samples were lightly sputtered with a 0.5 keV Ar+ beam
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(7·1014 ions·cm-2) beam until the surface adventitious carbon signal was eliminated. Brunauer–
Emmett–Teller (BET) surface areas were measured using LST-YSZ slabs (0.31 m2·g-1) that were
made from the same porous tapes that were used to construct the electrochemical cells using Kr
at 78 K as the adsorbent. Electrode porosity was determined by measuring the mass of water
required to fill the pores and was typically near 65%. The scaffold weight was determined using its
thickness, porosity and the bulk density of YSZ.
The electrochemical performance of the cells was measured using a Gamry Instruments
impedance spectrometer/potentiostat. For further elaboration on cell testing techniques, see
Chapter 1. For cell performance testing a gas containing 90% H2 and 10% H2O was fed to the
LST-YSZ anode at a flowrate of 40 ml/min, and the LSF-YSZ electrode was exposed to air.
Electrochemical Impedance Spectroscopy (EIS) was performed with a 1-mA AC perturbation at
open circuit, from 300 kHz to 0.1 Hz. IV-curves were measured by sweeping the voltage from 1.5
V to 0 V at a scanning rate of 0.01 V·s−1 and a 10 Hz acquisition rate. Ag wires and Ag paste,
which have minimal catalytic activity, were used as current collectors. The cell was sealed to an
alumina tube using Aremco Cermabond 552. The seal was cured at 503 K for 2 h before ramping
at 2 K·min−1 in N2/H2 to 873 K for testing. Cells were ramped from 873 K to 1123 K at 2 K·min-1,
with cell testing every 50 K after the temperature stabilized. Cells were held at 1123 K for 15 min
after the initial cell tests, to study the effect of calcination temperature on catalyst sintering.

4.3 Results
4.3.1 Cell XRD and Morphology
To characterize the effect of catalyst addition to the LST-YSZ anodes, we prepared a base
case LST-YSZ∣∣YSZ∣∣LSF-YSZ cell, as shown in Figure 4.1. XRD patterns for a bare YSZ scaffold
and one infiltrated with LST are given in Figure 4.1a. These demonstrate that the infiltration and
annealing procedure produced the desired LST perovskite phase with no evidence for the presence
of any binary oxides. Figure 4.1b is a low-resolution, cross-sectional image of an LSTYSZ∣∣YSZ∣∣LSF-YSZ cell, showing that the scaffold layers adhere well to the electrolyte. Figures
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4.1c and 4.1d display SEM images at higher resolution of the bare YSZ scaffold and the LST-YSZ
electrode with 5 ALD cycles of Pt addition near the electrolyte interface. A comparison of the two
demonstrates that the LST, which corresponds to the rough features on the otherwise smooth
surface of the YSZ, is uniformly distributed to the electrolyte interface. While the Pt is not visible in
these images, we have previously used TEM to characterize the structure of Pt or Ni particles
deposited using ALD on a variety of oxide powders, including perovskites. 34-36 In all cases, 1–5
ALD cycles followed by reduction and heating to 1073 K produced particles that were 2–10 nm in
diameter. This is demonstrated by the TEM image in Figure 4.2 which shows the Pt particles
produced in this manner on an MgAl2O4 powder.

Figure 4.1. (a) XRD of YSZ and LST-YSZ scaffolds and (b)–(d) SEM images of YSZ and LST-YSZ
scaffolds: (a) XRD pattern of the 45 wt% LST-YSZ composite and the bare YSZ scaffold (stars
correspond to the perovskite peaks for the LST-YSZ composite), (b) cell cross section, (c) closeup of YSZ scaffold, (d) close up of the 5 Pt ALD LST-YSZ electrode.
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Figure 4.2. High angle annular dark field STEM image of Pt particles on MgAl2O4 produced by 5
Pt ALD cycles followed by reduction at 1073 K.

4.3.2 Surface Characterization via HS-LEIS
HS-LEIS was used to confirm that the metal coverages on the cell were consistent with the
ALD growth rates measured gravimetrically on the high-surface-area substrates. HS-LEIS spectra
for an LST-YSZ electrode before and after Pt addition and before reduction are shown in Figure
4.3. The spectrum for the pristine LST-YSZ electrode contains peaks at 963 eV, 2218 eV and 3005
eV which correspond to Ti, Sr, and La, respectively. Zr and Y may also contribute to the Sr peak at
2218 eV due to their similar atomic masses; however, our previous studies with infiltrated ceramic
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electrodes indicate that the infiltration process usually produces an oxide film that completely
covers the exposed surface of the YSZ scaffold. 16,28

Figure 4.3. HS-LEIS spectra LST-YSZ electrodes with: 0, 1, or 5 cycles of Pt ALD. The ALD
spectra are offset vertically for clarity. The inset highlights the small Pt signal on the 1 Pt ALD
sample.

The spectra of the Pt-containing samples were obtained after deposition by ALD and
calcination in air at 773 K. Although the HS-LEIS spectrum obtained after 1 Pt ALD cycle is
similar to that of the pristine sample, a small Pt peak centered at 3519 eV is resolvable, as shown
in the inset. Since 1 ALD cycle is predicted to add only 1·1014 Pt/cm2, a coverage that is 10% of
the surface atoms on a Pt (111) surface, the HS-LEIS result is roughly consistent with the ALD
growth rates, especially considering that Pt likely forms particles after calcination to remove the
precursor ligands.34 After 5 Pt ALD cycles (5·1014 Pt cm-2, equivalent to 0.5 monolayer), the Pt
peak is much more prominent. The relatively small change in the intensity of other peaks in the
spectrum demonstrates that the Pt covers only a fraction of the surface, which, as discussed
above, is consistent with our previous studies. Analogous HS-LEIS data for a pristine electrode
and ones modified with 1 (0.9·1014 Ni cm-2) and 5 (4.5·1014 Ni cm-2) Ni ALD cycles are displayed
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in Figure 4.4. In these data, the Ni peak appears at 1324 eV. An exact comparison of Ni and Pt
intensities is difficult because the sensitivities of the two elements are different; however, the
intensity of the Ni peak after 1 ALD cycle is clearly higher than that obtained for Pt after 1 cycle,
even though the sensitivity should be higher for Pt because of its larger atomic mass. There was
also a small decrease in the intensities of the substrate peaks after 5 ALD cycles. Since Ni will
likely only form particles after reduction, the results here suggest Ni forms a more uniform film.

Figure 4.4. HS-LEIS spectra for LST-YSZ electrodes with: 0, 1, or 5 cycles of Ni ALD. The ALD
spectra are offset vertically for clarity.

4.3.3 Electrochemical Performance of Pt or Ni modified Electrodes
The effect on electrode performance of adding Pd catalysts by impregnation to LST-YSZ
composites has previously reported to be very large due to the catalytic properties of Pd. 16,17 To
demonstrate that Ni and Pt can lead to similar enhancements, we prepared cells with 1-wt% Ni or
0.5-wt% Pt added by impregnation into the LSTYSZ composite electrodes. V-I polarization curves
and open-circuit impedance spectra for the pristine, Ni-infiltrated, and Pt-infiltrated LSTYSZ∣∣YSZ∣∣LSF-YSZ cells, measured at 973 K, are shown in Figure 4.5a and 4.5b. In agreement
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with previous reports, the performance of the unmodified LST-YSZ∣∣YSZ∣∣LSF-YSZ cell was very
poor. Although the open-circuit potential was greater than 1.0 V in humidified H2 and the ohmic

Figure 4.5. Performance of a pristine LST-YSZ∣∣YSZ∣∣LSF-YSZ cell, a cell with Ni infiltrated into
the LST-YSZ, and a cell with Pt infiltrated into the LST-YSZ at 973 K: (a) IV-curves (solid) & power
density curves (dashed), (b) impedance spectra.
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resistance of the cell was less than 0.5 Ω·cm2, a value consistent with the 80-μm thick YSZ
electrolyte,37 the maximum power density was only 13 mW·cm-2 due to the very large non-ohmic
cell impedance. The addition of Pt (0.5 wt %) or Ni (1 wt%) did not change the ohmic resistance
of the cell but dramatically decreased the non-ohmic component to approximately 0.5 Ω·cm2 in
the case of Pt and 1.0 Ω·cm2 in the case of Ni. Since the non-ohmic losses include an estimated
0.15 Ω·cm2 from the LSF-YSZ cathode,28 the anode performance after adding Pt or Ni is
reasonably good.
The metal content after 1 or 5 ALD cycles of Pt or Ni can be determined from the growth
rates and the surface area of the LST-YSZ electrode, which was measured to be 0.31 m2·g-1. For
Pt, the weight loadings corresponding to 1 and 5 ALD cycles were 0.01 and 0.05-wt % (or 1·1014
Pt cm-2 and 5·1014 Pt cm-2) respectively. Polarization curves and impedance spectra at 973 K for
the 1 Pt ALD and 5 Pt ALD cells are displayed in Figure 4.6a and 4.6b, respectively. Data for the
pristine and Inf Pt cells are also included in the figure for comparison. These data show that 1 Pt
ALD cycle is sufficient to dramatically improve the electrode performance, with the Rp decreasing
to 1.86 Ω·cm2 and the maximum power density increasing to 120 mW·cm -2. After 5 Pt ALD cycles,
the performance was nearly the same as that of the Inf Pt cell. The 5 Pt ALD cell has an Rp of 0.54
Ω·cm2 and a maximum power density of 250 mW·cm-2. With only 5 cycles of Pt ALD, the
performance is now comparable to that of the Pt infiltrated cell. These results demonstrate that very
small amounts of a catalytic metal are sufficient to achieve high performance.
Figure 4.7 displays analogous polarization curves and impedance data at 973 K for cells
with Ni catalysts added by infiltration or ALD. For comparison purposes, data for the pristine cell
(no catalyst) are also included in the Figure 4.7a. The trends observed for Ni are similar to those
for Pt, with a single Ni ALD cycle dramatically improving electrode performance and decreasing the
Rp to 1.90 Ω·cm2 and producing a maximum power density of 150 mW·cm-2. Additional increases
in performance were observed when the number of Ni ALD cycles was increased to 5. Interestingly,
the performance of the 5 Ni ALD cell surpassed that of the cell with infiltrated Ni, even though it
had a Ni metal weight loading of only 0.014%. The Rp and peak power density for the 5 Ni ALD
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cell were 0.77 Ω·cm2 and 250 mW·cm-2 at 973 K. Performance data at additional temperatures for
Pt and Ni modified cells are in Figure 4.8.

Figure 4.6. Performance of Pristine & Pt modified LST-YSZ∣∣YSZ∣∣LSF-YSZ cells at 973 K: (a)
IV-curves (solid) and power density curves (dashed), (b) impedance spectra.
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Figure 4.7. Performance of Pristine & Ni modified LST-YSZ∣∣YSZ∣∣LSFYSZ cells at 973 K: (a). IVcurves (solid) & power density curves (dashed) (b). EIS spectra.
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Figure 4.8. PPD & Rp of Pt and Ni modified cells as a function of temperature: a. Performance of
Pt modified cells b. Performance of Ni modified cells

4.3.4 Influence of other Catalysts on the Electrochemical Performance
The performance enhancements observed for LST/YSZ composite electrodes after
addition of Ni or Pt via ALD demonstrate that, while an effective electrocatalyst is needed, the
loading of the catalyst can be quite small and excellent performance can still be obtained if the
dispersion is high. To investigate if similar levels of performance could be achieved using other
catalysts, we also investigated the performance of cells in which the LST/YSZ composite electrode
was modified by 5 ALD cycles of Pd, Fe, Co, or CeO 2. Polarization curves and impedance data at
973 K for these cells are presented in Figure 4.9 with data for additional temperatures reported in
Figure 4.10. Not surprisingly based on the previous literature,16 the 5 Pd ALD cell performed only
slightly worse than the 5 Pt ALD and 5 Ni ALD cells, achieving a maximum power density of 190
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mW·cm−2 and a Rp of 1.19 Ω·cm2 at 973 K. The performance of the cell decorated with CeO 2 was
also fairly good, achieving a maximum power density of 135 mW·cm -2 and a Rp of 1.27 Ω·cm2 at
973 K. Reports from the literature also showed that CeO2 is a reasonably effective anode catalyst,
although all of that work was performed with much larger amounts of CeO 2.18 More surprising was
the fact that the Co and Fe-modified electrodes exhibited relatively low performance, with the 5 Fe
ALD and 5 Co ALD cells reaching maximum power densities of only 90 mW·cm -2 and 65 mW·cm2,

respectively, with polarization resistances of 1.97 Ω·cm2 and 7.9 Ω·cm2. Co, in particular, is a

good hydrogenation catalyst and Co-based anodes have been shown to exhibit good
performance.38 Because Co could be incorporated into the perovskite lattice, it is possible that the
small amounts of Co that were added to these cells enter the bulk LST phase. A similar possibility
exists for Fe. In any case, the overall trend in the hydrogen oxidation activity of the catalysts added
to LST-YSZ electrodes using ALD is roughly as follows: Ni ≈ Pt ≈ Pd > CeO2 > Fe > Co.
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Figure 4.9. Performance of 5 Fe ALD, 5 Co ALD, 5 Ce ALD, and 5 Pd ALD cells at 973 K: (a) IVcurves (solid) and power density curves (dashed), (b) impedance spectra.
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Figure 4.10. PPD and Rp of every ALD modified cell as a function of temperature

4.3.5 Thermal Stability of ALD catalysts
Finally, we investigated the thermal stability of the LST-YSZ electrodes that were
modified by ALD of the metal catalysts. In these studies, the cell performance in humidified H2
fuel was first measured at 973 K. Each cell was then heated to 1123 K and cooled back to 973 K,
at which point the performance was again measured. The maximum power densities obtained for
each cell before and after the high-temperature heat treatment are listed in Table 4.2. In all
cases, the performance of the catalyst-containing cells decreased significantly after the heat
treatment. Since the performance of the catalyst-free cell was not affected by the heat treatment,
the changes in performance are not due to changes in the structure of the perovskite phase and
must therefore be attributed to sintering of the catalysts.
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Sample
Pristine
5 Co ALD
5 Fe ALD
1 Pt ALD
1 Ni ALD
5 Pd ALD
5 Pt ALD
5 Ni ALD

Initial Power
density (mW/cm2)
13
65
90
120
150
190
250
250

After 1123 K
(mW/cm2)
14
35
50
70
85
115
135
190

% Change
45
46
45
43
38
46
23

Table 4.2: Cell PPDs at 973 K before and after heat treatment
4.4 Discussion
SOFC anodes must provide both electronic conductivity and catalytic activity for fuel
oxidation. What we have shown in the present study is that miniscule amounts of catalytic metals
like Pt and Ni are sufficient to provide good anode performance. This has important consequences
for multiple reasons. First, the fact that such small amounts of catalyst are sufficient to achieve high
performance in SOFC anodes implies that expensive metals, like Pt or Pd, could be used in
practical applications. The advantage of using precious metals as the catalyst, rather than Ni, is
that precious metals are much more resistant to coking and do not catalyze the formation of carbon
filaments.19 The use of coke-tolerant catalyst could allow SOFC to be operated on nearly dry
methane. Obviously, stability of small metal particles at SOFC anode conditions is major issue,
since maintaining dispersion at high temperatures can be very difficult. There are indications that
this is possible, however. Recent work with Pt on LaFeO 3 films demonstrated that high metal
dispersions could be maintained, even after redox cycling at 1073 K. 35
Second, the results obtained in this study further demonstrate that unintentional doping of
ceramic anodes which can occur when catalytic metals are used as the current collector may
significantly alter electrode performance. For example, two separate studies have shown that the
performance of ceramic anodes could be dramatically improved when Pt is used as the current
collector.18,39 Although Pt that is spatially distant from the Three-Phase Boundary (TPB) sites near
the electrolyte interface should not affect electrode performance, Pt is known to be highly mobile
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under oxidizing conditions due to the high vapor pressure of PtO 2.40,41 It is likely that the improved
performance observed in those two cases was due to Pt migration during cell preparation. Pt
migration will not be an issue with Ni-based electrodes since these are already catalytically active,
but caution must be used in testing anodes of unknown catalytic activity.
The present results also suggest potential advantages for using ALD to incorporate
catalytic components into SOFC anodes. Because the electrochemical reactions in SOFC anodes
occur at TPB sites, electrode structure is critically important. As discussed by Tanner et al., 42 and
Song et al.,43 the best electrode performance is achieved when well-connected ion conducting
channels of the electrolyte material are present within the electrode to carry ions from the
electrolyte, far into the electrode. ALD provides an effective method for coating those channels with
a catalytic metal, without adding unnecessary quantities. The use of ALD in the fabrication of SOFC
is still a relatively new area of research. The present study demonstrates that catalyst addition may
be one important application.

4.5 Conclusions
We demonstrate that controlled amounts of catalytic materials, including Pt, Ni, Pd, CeO2,
Co, and Fe, can be incorporated into SOFC anodes by ALD. Ultralow loadings of Ni, Pt, or Pd, as
low at 0.01-wt%, were found to be sufficient for achieving good electrode performance in
conductive-ceramic anodes. Co, Fe, and CeO2 were also found to enhance performance but to a
lesser extent.
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CHAPTER 5.
An Investigation of the Surface Modification of Ni-YSZ Cermets
via CeO2 ALD to Improve the Coking Tolerance

Abstract
The use of CeO2 thin-films deposited via Atomic Layer Deposition (ALD) to modify the
hydrocarbon cracking and oxidation properties of Ni-cermets (Ni ceramic metal composites) was
investigated. Ni is very sensitive to the oxidation step of the ALD process and the typical 500 °C
oxidation in air is unsuitable due to rapid NiO. To avoid this, a unique NO2-H2, oxidation-reduction
process is used to effectively oxidize the precursors at lower temperature (300 °C) and to reduce
the undesired surface nitrates that form. Ni cermets were exposed to methane at 750 °C for 2 hours
under dry or wet conditions (Steam: Carbon of 0,0.5, or 1) and the resulting coke was measured.
It was found that CeO2 added by ALD or infiltration was unable to effectively reduce the amount of
coke formed.

4-probe conductivity measurements on Ni-cermets performed in air at room

temperature after oxidation at different temperatures revealed that no oxidation resistance is
imparted by the CeO2 layer. Temperature Programmed Desorption of Isopropanol was used to
better understand the surface chemistry of the modified cermets and how it evolves with treatment
conditions. It was demonstrated that although a CeO2 film covers the Ni surface after ALD and
changes the surface chemistry, this film is disrupted after reduction, due to the morphological
changes of the Ni surface after reduction.

5.1 Introduction
State-of-the-art Solid Oxide Fuel Cell (SOFC) anodes are almost always a “Ni cermet” (Ni
ceramic-metallic composite).1–3 These are composed of a metallic Ni phase that serves as both a
catalyst and electronic conductor, mixed with a ceramic that serves as an ionic conducting phase.
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The Ni cermet offers good mechanical stability, high electronic conductivity, and high catalytic
activity for hydrogen oxidation. The disadvantages of Ni cermets are: 1) poor redox stability due to
the ease at which nickel is oxidized,3 resulting in electrolyte fracture due to the expansion
associated with forming NiO; 2) a vulnerability due to sulfur poisoning,4,5 and 3) a tendency to form
carbon fibers when exposed to hydrocarbon fuels (Equation 5.1).6 Large steam-to-carbon ratios
(S:C>2) can be utilized to both manage heat and reform hydrocarbon fuels. For example, SteamMethane Reforming (SMR) is both endothermic for removing heat and high steam contents limit
coking via (Equation 5.2); however, steam dilutes the feedstock and SMR complicates the balance
of plant compared to SOFC operating with direct oxidation. Additionally, excess CO produced from
steam reforming or partial methane oxidation can contribute to the Boudouard reaction (Equation
5.3) if it is not oxidized by the cell or via water-gas shift (WGS, Equation 5.4).

𝐶𝑛 𝐻𝑚 → 𝑛𝐶 +

𝑚
𝐻
2 2

(5.1)

𝐶𝐻4 + 𝐻2 𝑂 → 3 𝐻2 + 𝐶𝑂

(5.2)

2𝐶𝑂 → 𝐶 + 𝐶𝑂2

(5.3)

𝐶𝑂 + 𝐻2 𝑂 → 𝐶𝑂2 + 𝐻2

(5.4)

Due to the propensity of Ni-cermets towards coking and hydrocarbon cracking, much work
has been done to investigate the use alternative anode materials. Early work in our group
investigated the replacement of Ni-YSZ composites with those of Cu-YSZ.7–9 Cu has similar
electrical conductivity to Ni, but it does not promote the formation of carbon fibers. However, Cu is
a poor oxidation catalyst; so, CeO2 was incorporated to enhance the performance since it is a
reasonably good oxidation catalyst. Several studies demonstrated the robust performance of these
Cu-Ceria-YSZ anodes in a variety of hydrocarbon fuels (CH 4, butane and even liquid fuels) and
showed that they have a high tolerance to coking.10
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An additional benefit of these Cu-Ceria-YSZ anodes is their high sulfur tolerance. Sulfur
poisons Ni-cermets by first adsorbing onto the Ni surface and blocking the adsorption of H2 at the
TPB. This results in an immediate increase in the polarization resistance at H 2S concentrations as
low as 10 ppm. Over time, the adsorbed sulfur can also migrate into the grains of the Ni particles.
Although bulk NixSy formation is unlikely at SOFC operating temperatures (they can form during
shutdown or startup), sulfur in the grain boundaries can lower the conductivity of the electrode.4,5
11

Conversely, Cu-Ceria-YSZ electrodes are highly tolerant to H 2S concentrations as high as 450

ppm, above which Ce2O2S becomes the preferred phase, resulting in a dramatic loss of catalytic
activity. 12
The low melting point of Cu and CuO (1085 °C and 1326 °C respectively) present
significant difficulties associated with manufacturing anode-supported Cu cermets. Additionally, the
low melting point causes rapid sintering of Cu particles that occurs at elevated temperatures.13
These issues have allowed Ni cermets to remain the anode of choice, although ceria’s high
tolerance to coking and sulfur poisoning has led to many studies exploring the impact of
incorporating Ceria into Ni-cermets.3 The most common modification to Ni-YSZ anodes involves
exchanging doped-ZrO2 ionic conductors with doped-Ceria ionic conductors. Ni-GDC (Gadoliniumdoped Ceria) cermets have a higher ionic conductivity than Ni-YSZ cermets and also extend the
size of the TPB due to their higher mixed-ionic electronic conductivity. The use of GDC as the ionic
conductor in place of YSZ can dramatically improve the performance of the anode and enhance
the complete oxidation of hydrocarbons at the TPB;14 however, solid-state reactions between the
YSZ electrolyte and ceria in the anode can lead to a loss in cell performance. Furthermore, as long
as the Ni surface is exposed, the anode is susceptible to coking and sulfur poisoning.
An alternative approach to Ni-GDC anodes involves surface modification of the Ni by
infiltration. Through the infiltration approach, nanoparticles and thin films can be deposited onto the
anode to cover the Ni surface and act as the active catalyst, thus protecting Ni.1516 Ideally in this
case Ni serves primarily as an electronic conductor. However, it can be difficult to completely cover
the Ni surface. Additionally, infiltration of materials into Ni-cermets is not as straight forward as
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infiltrating the cathode. Much of the porosity of a Ni-cermet comes from the reduction of NiO.
Therefore, the anodes must be reduced prior to infiltration, and the subsequent decomposition must
be done at a low enough temperature to avoid oxidizing the Ni.
Another surface modification approach that can be used to produce uniform films that
completely cover the surface is Atomic Layer Deposition (ALD). Previous work in our group
demonstrated that conformal thin films of ZrO 2, CeO2, or Fe2O3 can be deposited onto alumina
supports via ALD.17–19 Given the past success of this approach, we decided to investigate the
feasibility of utilizing ALD to modify the surface of Ni-cermets and improve their resistance towards
coking and Ni oxidation. Unfortunately, as will be demonstrated in this chapter, the Ni surface is
readily oxidized during the ALD process. We will demonstrate that the oxidation of the Ni surface
during ALD, and subsequent reduction under SOFC conditions, makes it difficult to form a
continuous film of metal oxides via ALD. Coking tests performed on Ni/ZrO2 slabs showed large
amounts of coke even after 30 ALD cycles of Ceria. Similarly, conductivity measurements
performed on Ni-YSZ cermet slabs demonstrated that there is no improvement in the resistance to
oxidation.

5.2 Experimental
The following two processes were used to fabricated Ni-YSZ cermet slabs. Conventional
cermets were prepared using NiO (Alfa Aesar), YSZ (8 mol % Y2O3 TOSHOH Corp), Graphite (Alfa
Aesar) and Polyvinylbutyral-98. These were ball-milled in Ethanol in a 5.6:3.4:1.0:0.5 mass ratio,
after which the resulting powders were dried and ground with a mortar and pestle. 0.5 g pellets of
the mixture were pressed under 3 Metric Tons for 1 min. The resulting pellets were pre-sintered at
800 °C for 2 hours. The pellets were then sintered at 1450 °C for 4 hours. They were then reduced
at 700 °C for 2 hours in humidified H2
A second type of cermet was formed by infiltration methods. Porous ZrO2 pellets were
formed through the thermal decomposition of Zirconium (IV) oxynitrate hydrate at 400°C for 2
hours. The resulting powders were ground in a mortar and pestle and heated at 800 °C for 14
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hours. Graphite was mixed with the ZrO2 in a 20/80 mass ratio before ball-milling in ethanol for 24
hours. After drying, the powders were ground, pressed into 0.3 g pellets at 3000 Metric tons, and
sintered at 800 °C for 2 hours. Ni was infiltrated into the slabs with a Ni nitrate solution to achieve
a desired weight loading of 20 wt % (Ni/ZrO2). The pellets were reduced at 700 °C for 2 hours in
H2 /N2. The reduced pellets had BET surface areas of 20 m2/g.
Due to the ease with which Ni oxidizes, it was essential to determine the impact the
oxidation step of the ALD process would have on the Ni substrates. In previous work in our lab,
oxidation of TMHD precursors (where TMHD = 2,2,6,6-tetramethyl-3,5-heptanedionato) was
accomplished with air at 500 °C for 5 mins.20,21 The amount of Ni converted to NiO during oxidation
provides a measure of the disruption of the Ni surface morphology; to measure this property,
reduced Ni-YSZ slabs were subjected to various oxidizing conditions (300 °C to 600 °C in O2, air,
or NO2) and then weighed before and after to calculate the amount oxidized.
The ALD apparatus used for these studies is described in detail in the Chapter 2.4. The
Ce(TMHD)4 precursor was deposited at 230 °C onto γ-alumina or Ni-cermets. Due to the harshness
of oxidizing at 500 °C in air, various approaches were attempted for removing the precursor ligands
at low temperatures, with oxidation by NO2 proving successful. To fully oxidize the precursors at
300 °C, a two-step NO2-H2 oxidation-reduction process was used to minimize the extent of Ni
oxidation. For this two-step process Pb(NO3)2 was loaded into a quartz tube with glass wool, which
was attached to the ALD system. The tube was evacuated, and a butane torch was used to
decompose the Pb(NO3)2 powders according to Equation 5.5. The gas was then dosed into the
sample chamber at pressures ranging from 100-300 torr for 1 minute, after which the chamber was
purged and the process was repeated twice more. Unlike the case for O2, which oxidizes the
Cerium precursor to CeO2, CO2 and H2O, NO2 oxidizes Ce(TMHD)4 to Ce(NO3)3 via Equation 5.6.
The nitrate formation lowers the growth rate of ceria and in addition to surface oxidizing the Ni.
Because decomposing the nitrate to CeO2 would require a higher temperature, H2 was used to
reduce the nitrate according to Equation 5.5
ℎ𝑒𝑎𝑡

2 𝑃𝑏(𝑁𝑂3 )2 →

2 𝑃𝑏𝑂(𝑠) + 4𝑁𝑂2 + 𝑂2
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(5.5)

𝐶𝑒(𝐶11 𝐻19 𝑂2 )4 (𝑎𝑑𝑠) + 200 𝑁𝑂2 → 𝐶𝑒(𝑁𝑂3 )3 (𝑎𝑑𝑠) + 44 𝐶𝑂2 + 38 𝐻2 𝑂 + 197 𝑁𝑂 + 38𝑂2
2𝐶𝑒(𝑁𝑂3 )3 (𝑎𝑑𝑠) + 2 𝐻2 → 2 𝐶𝑒𝑂2 (𝑎𝑑𝑠) + 6 𝑁𝑂2 + 2 𝐻2 𝑂

(5.6)
(5.7)

Hydrogen was dosed into the chamber at pressures of 100 to 300 torr for 2 mins to reduce the
surface Ce(NO3)3 to CeO2, after which the gas was purged and process repeated. The overall
process was repeated for the desired number of cycles. Growth rates were determined
gravimetrically using high surface area γ-Al2O3 powders as the substrate in order to enhance the
accuracy of the measurement and found to be 3.0·1013 Ce atoms·cm-2·cycle-1 (0.12 Å /cycle) using
Ce(TMHD)4 as the precursor.

To gain insight into the oxidation and reduction processes on the surface of ALD modified
materials, alumina pellets that had been exposed to the precursors were loaded into a quartz tube
flow reactor system that was equipped with a mass spectrometer (Stanford Research Systems) for
product gas analysis. Samples were oxidized with NO 2 or O2 and the resulting species were
identified. Additionally, Temperature Programmed Reduction (TPR) was performed with H2 to
identify where reduction of surface Ce(NO3)3 occurs.

Coking tests were performed on Ni-infiltrated, ZrO2 pellets, with and without ALD
modification, under dry methane and wet methane conditions. Both the slabs and the boat used to
contain the slabs were weighed and then loaded into a 14.5-inch long, 1-inch OD ceramic tube
reactor (Figure 5.1). The reactor was heated to 750 °C in H2/N2 and the samples were exposed for
two hours to the following gas mixture: 25 ml/min of CH4 and 10 ml/min of N2, with varying amounts
of steam via a syringe pump to achieve Steam-to-Carbon (S:C) ratios of 1, 0.5, and 0. After the
coking test, the samples were cooled to room temperature and the combined weight of the sample
and boat was measured to determine the amount of coke formed.
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Figure 5.1. Reactor setup for Ni reduction and coking tests. Gas is fed into the reactor inlet and
mixed with steam via a syringe pump. Ni substrates are held in a ceramic boat that enables easy
removal of the sample and any produced coke.
The impact a Ceria thin-film would have on the oxidation resistance of Ni-YSZ cermet slabs
was investigated by measuring the substrate conductivity as a function of oxidation temperature.
Ni-YSZ slabs were broken into rectangular bars. The 4-probe technique was used to measure the
conductivity of these materials before and after oxidation at various temperatures in air for 1 hour.
Figure 5.2 shows a schematic of the measurement apparatus. Silver paste was applied to opposite
ends of the bars and in the middle. A known current was applied at the ends of the bar using the
potentiometer, while the voltages of the center points were measured to determine the potential
gradient. Each sample was subjected to 0.1, 0.25 and 0.5 amp/cm 2 for 30 seconds at room
temperature in air. The current and voltage during the tests were averaged and the corresponding
resistance was calculated. The calculated resistance for each current density was averaged to
determine the conductivity.
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Figure 5.2. 4-probe measurement approach for conductivity measurements. Silver wire connects
the substrate to the potentiostat. The conductivity (σ) can be determined as a function of the slab
resistance, the cross-sectional area (A), and the distance (d) between the voltage probes.
Temperature Programmed Desorption and Thermogravimetric Analysis (TPD-TGA) was
performed on Ni/ZrO2 pellets before and after ALD to probe the surface chemistry of the substrate
surface after ALD, as well as after high temperature reduction. TPD-TGA measurements were
performed on samples placed in the sample pan of a CAHN 2000 microbalance, which was then
evacuated to ˜10−7 torr using a turbo pump. After heating the sample in vacuum to 823 K, the
sample was cooled to room temperature, exposed to vapor from iso-propanol (IPA), and evacuated
for 20 mins. Desorption measurements were performed by heating the sample at 10 K/min while
measuring the formation of gaseous reaction products with an SRI quadrupole mass spectrometer
(RGA100).
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5.3 Results
5.3.1 Oxidation Kinetics of Ni Cermets
The success of the ALD process for this application relies on being able to grow a
continuous film on the Ni surface. The precursor molecules need to be fully oxidized so that the
next layer can be deposited; however, the oxidation conditions must not be too harsh or else the
Ni surface will change and disrupt the thin film. Thus, it was crucial to find a balance between Ni
re-oxidation and the conditions used for precursor oxidation. Figure 5.3 demonstrates how oxidizing
the Ni at the usual temperatures of 500 °C or 600 °C causes large fractions of the Ni to re-oxidize.
Figure 5.3 is a plot of the percent of Ni re-oxidized vs the oxidation time for various oxidizing
conditions (300 - 600 °C in O2 or air). The oxidation of Ni is a highly temperature dependent process
that is limited by diffusion of O through the NiO layer. It is expected that lower temperatures result
in a much lower degree of Ni oxidation compared to higher temperatures. Accordingly, 300 °C and
400°C result in much slower oxidation rates compared to 500 °C and above. However, the amount
of Ni oxidized at 400 °C (only ~ 3 % after 50 mins) is likely already too severe, so that lower
temperatures are desired. Unfortunately, it was not possible to oxidize the chosen ALD precursor
ligands fully at temperatures below 400 °C with oxygen alone. Therefore, more powerful oxidants
were used in order to oxidize the ligands at lower temperatures, conditions that would not
significantly increase the amount of Ni that was oxidized.
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Figure 5.3. Oxidation Kinetics of Ni-YSZ slabs at 300 °C, 400 °C, 500°C, and 600°C in air or 100
% O2.

5.3.2 Two Step NO2-H2 ALD Process
It was found that O2 plasmas and O3 were insufficient for oxidizing ALD precursors on the
porous supports used in this study. Although they are powerful oxidants, they are also unstable. In
agreement with our observations, reports in the literature have pointed out that these oxidants are
only effective for ALD in nonporous materials because they tend to be neutralized at the pore
mouth.22,23 We also attempted to use H2O2 as the oxidant. However, Temperature Programmed
Oxidation of an alumina slab with adsorbed precursor using a 50-wt% H2O2 solution showed a
similar oxidation temperature as that found with air. NO 2 was found to be both a more powerful
oxidant than O2 and to be stable against decomposition in the porous structures.
To investigate the usefulness of NO2 as an oxidant, 1 g of γ-Al2O3 was coated with
Ce(TMHD)4 without oxidation (Ce(TMHD)4 /Al2O3) and loaded into a quartz tube reactor so that the
oxidation process could be studied with a mass spectrometer (Figure 5.4). Pb(NO3)2 was loaded
into a quartz tube and heated with a flame to produce NO2 and O2 according to Equation 5.5. Figure
5.4 shows the signal from the mass spectrum for various masses following pulses of NO2 and O2
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at 300 °C in flowing He. Each oxidant pulse produces a corresponding pulse of CO2, demonstrating
oxidation of the precursor, in rough agreement with Equations 5.5 and 5.6. From 40 to 70 mins
onward, each subsequent pulse of oxidant results in a diminishing amount CO2 being produced,
due to less ligands remaining. Finally, after oxidation in NO2, heating the sample in pure He to 500
°C (indicated by the two dotted red-lines) results in the decomposition of surface nitrates, as well
as oxidation of residual organics into CO2. The subsequent exposure to O2 at 500 °C produces no
CO2, indicating that the precursor has been completely oxidized.

Figure 5.4. NO2 titration of Ce(TMHD)4 /Al2O3. The ability of NO2 to oxidize adsorbed ALD
precursors was investigated. NO2 pulses fully oxidize the ALD ligands, and residual surface nitrates
are formed that need to be removed via reduction or additional heating. The sample was heated to
higher temperature during the time period with the dotted red-lines.
While continuing to deposit on top of the nitrate-terminated surface is possible, it leads to
large weight changes but low growth rates (due to the large weight differences between O 2- and
NO3-). Calcining the samples after successive ALD cycles results in dramatic weight loss due to
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very little CeO2 being deposited per cycle. Additionally, the nitrates will decompose anyway when
subject to SOFC conditions, and the reduction of the cerium nitrate film could result in a disrupted
CeO2 layer itself, therefore it is desirable to remove the nitrates between ALD cycles. While heating
the sample to 400 °C in He or vacuum is likely adequate to decompose nitrates, it is more desirable
to achieve this at lower temperatures. To demonstrate that reduction of surface Ce(NO3)3 can occur
at more moderate conditions, the Ce(TMHD)4/Al2O3 sample was oxidized with NO 2 at 300 °C, after
which the sample was loaded into the quartz tube reactor. In the subsequent TPR measurement in
H2 (Figure 5.5), surface nitrate species were shown to readily decompose at 220 °C. Figure 5.5
plots the intensity of NO2 detected by the mass spectrum as the sample is ramped in H 2 from 100
- 300°C. This demonstrates that H2 very rapidly reduces the species from Ce(NO3)3 to CeO2.

Figure 5.5 Temperature-Programmed Reduction in H2 of surface Ce(NO3)3/Al2O3 after NO2
oxidation.
The purpose of switching to NO2 was to be able to oxidize ligands at lower temperatures,
without significant oxidation of the bulk Ni. Figures 5.4 and 5.5 demonstrate that the ALD ligands
can be successfully oxidized and any remaining nitrate byproducts can be successfully reduced at
this temperature. To that end, the Ni oxidation test was repeated, this time with NO 2 to compare
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the extent of Ni oxidation achieved with NO2 vs O2 (Figure 5.6). In Figure 5.6a the amount of Ni
that is re-oxidized is plotted against time for various oxidation conditions. It is clear that oxidizing
with NO2 at 300 °C is less harmful then oxidizing with O2 at 400 °C and is comparable to oxidizing
at 300 °C with O2. Figure 5.6b again shows the amount of Ni re-oxidized with NO2 at 300 °C over
time. However, it also illustrates that an added consequence of the hydrogen reduction step is that
Ni can also be re-reduced during this step. The final step necessary to fully demonstrate the
feasibility of the process is a growth-rate measurement for the full ALD process. For this,
Ce(TMHD)4 was deposited onto the Al2O3, oxidized with NO2, and then reduced with H2. This
process was completed multiple times while the weight was recorded between cycles (Figure 5.7).
The y axis is the weight change from the sample as a result of ALD and x-axis is the number of
ALD cycles. The linear mass change with ALD cycle number implied that the growth was linear, as
expected for an ALD process.
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Figure 5.6 Oxidation Kinetics of Ni-YSZ slabs with O2 or NO2. a. Compares oxidation with O2 at
400 °C and 300 °C with oxidation with NO2 at 300 °C. b. Demonstrates that the Hydrogen used to
reduce the surface nitrates can also re-reduce the Ni surface.

Figure 5.7 CeO2 growth on Al2O3 using the NO2-H2 two step ligand removal process.
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5.3.3 Ni-Cermet Coking Tests
After validation of the ALD process ensuring that uniform growth is possible, ALD was
performed on Ni/ZrO2 pellets that were used for the coking tests. My hypothesis was that Ceria
films should significantly decrease in the amount of coke which formed upon exposure to dry
methane. Pellets modified by infiltrated Ceria and by ALD Ceria were examined. Figure 5.8a shows
the % weight change due to coke formation after exposure to CH 4 at S:C ratios of 0,0.5 or 1 for 2
hours. From the data, we can conclude that, with no Ceria deposition and no steam in the feed,
large amounts of coke formed, causing ~ 70 % weight change on average. However, increasing
the S:C is sufficient to dramatically reduce the amount of coke formed due to enhanced methane
conversion from SMR (Equation 5.2), yielding negligible coke for a S:C =1. As Ceria is deposited
via ALD, there are some variations in the amount of coke formed under testing conditions; but, in
general, large coke deposition occurs (30-70 wt%), which is still unacceptable for long term
operation. A similar case is seen with samples that had Ceria added by infiltration instead of ALD
(Figure 5.8b). Even with 15 wt % Ceria, large amounts of coke are formed (40-65 wt%). Neither
surface modification approach can effectively cover the Ni surface and reduce the cracking of
methane.

Figure 5.8

% Wt change from Coke formation on Ni/ZrO2 with various steam content. a) With

Ceria added via ALD. b) With ceria added by infiltration.

90

5.3.4 Ni-Cermet Conductivity Measurements
If a conformal coating of CeO2 could be effectively applied to the Ni surface, it may be
possible to impede the oxidation of the underlying Ni. Additionally, some earlier studies report that
Ni-Ce solid solutions have enhanced redox properties. To investigate whether this was practical,
conductivity measurements were performed on Ni-YSZ bars. The slab conductivity is expected to
decrease as a function of the extent of Ni oxidation. For these experiments, the bars were calcined
at various temperatures in air, and the conductivity was measured at room temperature after each
treatment to determine the extent of Ni oxidation. Figure 5.9 is a plot of the conductivity versus the
treatment temperature. The conductivity rapidly decreases with treatment temperature due to rapid
Ni oxidation. Coating the Ni-YSZ slabs by performing 30 cycles of Ceria ALD had no effect on the
oxidation resistance of the YSZ. Whether the slab was coated or uncoated had no impact on the
initial conductivity of the slabs; furthermore, it also offered no resistance to oxidation and the coated
slabs degraded just as fast.
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Figure 5.9 Conductivity of Ni-YSZ slabs with and without Ceria ALD as a function of oxidation
temperature.

5.3.5 TPD of Isopropanol to Probe the Ni-Cermet Surface Chemistry
To gain a better understanding of the chemical properties of the surface modified Ni/ZrO 2
substrates, TPD of isopropyl alcohol (IPA) was performed. By analyzing the various reaction
products and corresponding desorption temperatures, we can gain insight into the chemical
similarities and differences between samples; and we can infer the effective Ce coverage and
morphology following ALD, infiltration, or reduction. Figure 5.10 plots the partial pressures for IPA
and a handful of reaction products vs temperature during TPD on various Ni/ZrO2 samples. 5.10a
shows the IPA TPD results for the un-modified Ni/ZrO2 substrates. IPA desorption results in a
broad peak at 375 K. There is a sharp, intense signal at 575 K resulting from CO desorption. H2 is
unique and desorbs at three different temperatures: 375 K, 480 K, and 575 K. CO 2 has the highest
desorption temperature, with a broad signal around 620 K. Figure 5.10b illustrates clear differences
in the surface chemistry following 20 cycles of Ceria ALD relative to the unmodified sample, due to
the fact that CO, CO2, IPA, and H2 have large peak shifts as well as changes in the shape of the
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desorption profile. Most noticeably, the CO signal is muted and shifted 50 K higher. Additionally,
instead of having three H2 peaks, there are now two, with the rightmost peak being significantly
shifted to higher temperatures.
Figure 5.10c depicts what the corresponding profiles would look like if Ceria is added via
infiltration instead of ALD. The sharp CO desorption peak from 5.10a is maintained, although the
temperature is shifted from 590 K to 540 K. One CO desorption temperature is 500 K for the 20
Ceria ALD sample; so, the lowering of the peak could be indicative of an exposed Ce-Ni interface.
However, the desorption of H2 and CO2 closely resemble that of the Ni surface from 5.10a. This
strongly suggests that there are regions were Ni is uncovered, and a small fraction of areas where
there may be Ceria islands or clusters on the Ni surface. To investigate the stability of the ALD
coating as well as what is likely to happen under SOFC operating conditions, the 20 Ceria ALD
Ni/ZrO2 was reduced in H2 for 2 hours at 700 °C. The resulting spectra in Figure 5.10d closely
resembles that of Figure 5.10c, which indicates that the two samples have similar surface
chemistries. Although Figure 5.10b illustrates that a near uniform Ceria layer is deposited, upon
reduction the film breaks. This is either due to the thermal instability of the ALD film itself, or more
likely due to the NiO-Ni reduction process severely disrupting the ALD layer and causing the
formation of Ceria islands instead of a film. This is illustrated graphically in Figure 5.11
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Figure 5.10 Isopropanol TPD on various Ce modified Ni/ZrO2 substrates. a) Ni/ZrO2 b) 20 Ceria
ALD/ Ni/ZrO2 c) 15 wt% Ceria Inf/Ni/ZrO2 d) 20 Ceria ALD/Ni/ZrO2 followed by 2 hr reduction at
700 °C.

94

Figure 5.11 Evolution of the Ni surface during ALD and following reduction. 1) The reduced Nicermet has a thin oxide layer to start with. 2) During ALD the NiO film thickens as the CeO2 layer
is deposited. The formation of NiO results in a volume expansion. 3) After ALD, the cermet is
exposed to anode conditions, the CeO2 layer is broken as the microstructure changes and the
cermet shrinks due to reduction of the NiO layer to Ni.

5.4 Discussion
Despite the special care given to minimize the oxidation temperature for ALD and the
usage of this two-step ligand removal process, we were unable to create conformal coatings via
ALD that would protect against coking or provide tolerance to oxidation. As demonstrated in other
works, as long as the Ni surface is exposed coking is possible. The usage of steam to reform the
hydrocarbons and oxides to partially cover the surface can help, but it is not a universal solution.
The specific operating conditions (S:C ratio, temperature, Ni weight loading, Ni particle size, etc)
are important to determine the effective coking tolerance.
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ALD is a powerful surface modification technique that allows atomic level control when
used properly. While using metal oxide ALD to modify perovskite electrodes or metal oxide supports
with continuous films has been successful, the modification of Ni cermets is not likely to be an area
where metal oxide ALD will be applied. The complications involving ALD of metal oxides come from
the unstable Ni surface. Ni is a metal that readily oxidizes, even at room temperature. A thin NiO
layer will spontaneously cover a Ni surface at ambient conditions. ALD precursors will readily
adsorb onto the hydroxyl groups on this NiO surface layer; however, during oxidation this NiO layer
will also thicken due to the higher temperatures enhancing oxygen diffusion. If the ALD modified
materials are used as is, then it is possible to grow a continuous film on the NiO surface. However,
for SOFC Ni anodes this is not sensible. Under reducing conditions at elevated temperatures, the
now thick (several nms) NiO film that supports the ALD molecules will undergo a rapid transition to
as the NiO lattice shrinks to the metallic Ni lattice (a ~30 % vol change). The result is that instead
of a continuous film you produce islands, or clustered nanoparticles. This redox cycling can even
induce cracks in the anode and percolate to the electrolyte. Another approach is to perform ALD at
low temperatures (~100 °C) to minimize the degree of Ni oxidation, but the issue will never be
completely solved. Additionally, this requires the careful selection and use of ALD precursors that
are difficult to handle and require special care. Another option is to do liquid-phase or solution ALD,
but that would dramatically increase the processing time due to the slower diffusion times. One
final alternative is to do ALD of metals under reducing conditions. Instead of oxidizing the
precursors, it is possible to reduce them and leave only metal particles and grow a metal film.
However, a film of coke-tolerant metals will result in a decrease in catalytic activity24 (Cu, Sn, etc)
or would be very expensive (Pt).25 Performing metal-oxide ALD on Ni-cermets to deposit catalyst
nanoparticles or clusters, is certainly feasible, but forming continuous films is much more
challenging.
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5.5 Conclusions
ALD is not a suitable technique for depositing metal-oxide thin films on Ni-cermets. The
ease at which Ni is re-oxidized to NiO, and the resulting volume change from reduced to oxidized
to reduced, will seriously disturb metal-oxide thin films and result in particles. The resulting surface
morphology is not coke tolerant and still readily cokes under dry methane environments. Similarly,
the lack of a continuous protective layer means that no oxidation tolerance was witnessed either.
Creating continuous surface metal alloys via ALD may be possible if the ligands are reduced insitu.
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CHAPTER 6.
An Investigation of the Electrochemical Activity of (Ba/Sr)FeO3-δ
Anodes
Abstract
FeOx, SrFeO3-y (SF), and Ba0.5Sr0.5FeO3-y (BSF) were studied for application as fuel
oxidation catalysts in solid oxide fuel cells (SOFC) anodes. Electrodes were prepared by
impregnation into porous yttria-stabilized zirconia (YSZ), with La0.3Sr0.7TiO3-y (LST) added for
electronic conductivity. The electrode impedances decreased dramatically upon addition of SF and
BSF and much less when only SrO or FeOx were added. Temperature Programmed Desorption
(TPD) of oxidized BSF showed O2 desorbing between 200 and 700 °C, while no O2 desorbed from
Fe2O3 below 900 °C. The results, together with thermodynamic analysis, suggest that stabilization
of Fe+4 in the perovskite lattice plays an important role in enhancing the catalytic activity of SF and
BSF by providing access to a Fe3+/Fe4+ redox couple that can accept oxygen anions from the yttriastabilized zirconia (YSZ) electrolyte. Oxygen is weakly bound to these sites facilitating its reaction
with adsorbed H2.1

6.1 Introduction
In solid oxide fuel cells (SOFCs) the anode needs to have catalytic activity for the fuel
oxidation reaction in order to obtain acceptable performance. In most cases this function is provided
by a metal. For example, in a conventional Ni/YSZ (Yttria-stabilized Zirconia) cermet anode, in
addition to providing electronic conductivity, the Ni is a catalyst for the hydrogen oxidation reaction
(HOR). While metal catalysts like Ni are quite effective, they have low redox stability, 1,2 are prone
to deactivation due to loss of surface area which occurs during high-temperature operation,3 and



This Chapter was submitted for publication as a research paper in the Journal of the
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via coking when exposed to fuels that contain hydrocarbons.4,5 To address these drawbacks, the
usage of oxide materials in the anode has been greatly explored. Early work in our group involved
the use of Cu as an electronic conductor with Ceria as an oxidation catalyst. 6-8 Later work has
focused on using perovskites as an electronic conduction layer to support metal catalysts, 9–11 or
the use of perovskites as host lattices for ex-solvable metal catalysts.12–15 Most recently, unique
perovskite oxides containing Fe have emerged as an interesting class of materials for this
purpose16-19. For example, Zhu et al. have demonstrated that SOFC anodes using SrTi0.3Fe0.7O3-y
(STF) as both catalyst and current collector exhibit high activity when operating on humidified
hydrogen at temperatures between 750 and 850 ºC.16,17 Since metal oxides are generally not good
HOR catalysts, it is possible that metallic iron exsolves from the STF lattice under reducing
conditions and provides the catalytic activity. Using ambient pressure X-ray Photoelectron
Spectroscopy, Nenning et al. have shown, however, that the iron in STF has mixed Fe 2+/Fe3+
valence under typical anode operating conditions with H2 fuel.20 This result suggests that surface
iron cations in higher oxidation states may be active sites for HOR.
This hypothesis is supported by a recent study by Ma et al. who have also observed that
the iron-containing perovskite, Ba0.5Sr0.5Fe0.9Mo0.1O3-y (BSMF), has high activity when used as an
active phase in an SOFC anode.19 Indeed, they showed that BSMF-based electrodes had area
specific resistances as low as 0.09 Ω·cm2 when operating with humidified H2 fuel at 700 ºC. For
this material, the +2 cations on the A-sites (i.e. Ba2+, Sr2+) requires that the iron be Fe4+ or a mixture
of Fe3+ and Fe4+ depending on the oxygen vacancy concentration. Thus, maintaining the Fe cations
in the perovskite in a high oxidation state again appears to lead to high activity for HOR. This
observation has motivated the present study in which we have further explored the role of the iron
cations in promoting catalytic activity by examining the performance of a series of iron-based SOFC
anode catalysts, including FeOx, SrFeO3 (SF), and Ba0.5Sr0.5FeO3-y (BSF). The results of this study
further support the hypothesis that Fe3+ and Fe4+ cations play a prominent role in the high activity
of iron-containing perovskites for HOR.
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6.2 Experimental
The SOFCs used in this study were constructed from porous-dense-porous YSZ (8 mol %
yttria) scaffolds that were prepared using tape cast layers in which graphite pore formers were
added to the tapes for the electrode layers.21 The laminated tapes for each cell were calcined at
1400 °C for 4 hours producing a dense, 80-μm thick YSZ electrolyte layer (1.5 cm diameter) that
was sandwiched between 55 μm thick, 65% porous layers (0.67 cm diameter). The anodes and
cathodes were formed by adding oxide layers to the porous YSZ layers using multiple cycles of wet
infiltration. Each infiltration cycle consisted of adsorbing an aqueous precursor solution containing
the desired ratio of metal cations into the porous YSZ layer followed by drying and then calcining
in air at 500 °C for 5 min. These solutions were prepared using (La(NO 3)3 ·6H2O (Alfa Aesar,
99.9%), Sr(NO3)2 (Alfa Aesar, 99%), Fe(NO3)3·6H2O (Fisher Scientific, 98.4%), Ba(NO3)2 (Fisher
Scientific), and/or dihydroxy-bis (ammonium lactato) Ti(IV). Roughly 12 infiltration cycles of the
appropriate precursor solution were required to give a 45 wt% loading of La 0.3Sr0.7TiO3 (LST) and
a 35 wt% loading of La0.8Sr0.2FeO3(LSF). LSF was used as the cathode in each cell, while a variety
of oxide compositions including, FeOx, SrO, SF, and BSF were used in the anode. In some cells
45 wt % LST was added to the anode to act as an electronically conducting layer prior to adding
the additional oxides. For others, only ~10 wt % BSF was added to assess the performance
independently from an added electronic conductor. Ba(NO 3)2 has a very low solubility compared to
the other nitrate salts, making it difficult to achieve higher loadings of BSF even after 20 infiltration
cycles.
For cells with an LST-YSZ anode, LST was infiltrated first and then the cell was calcined
at 1100 °C for 4 hours to ensure formation of the perovskite phase, followed by infiltration of the
LSF cathode material and then calcining the cell at 850°C for 1.5 hours. 9,22 When 5 wt % of BSF,
SF, FeOx or SrO was infiltrated into to the LST-YSZ anode, the cell was again subjected to an 850
°C air calcination step for 1.5 hours. If FeOx or SrO was infiltrated into the LST-YSZ anode, no
additional calcination was performed. Cells are identified throughout the paper by the composition
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of the anode. The prefix “Inf” is used to indicate cells where an additional component is infiltrated
into an LST-YSZ electrode. Table 1 provides a list of the anode compositions used in this study
along with their sintering temperatures. X-ray Diffraction (XRD) was used to confirm the formation
of the correct perovskite phases in the electrodes and was performed with a Rigaku Miniflex
diffractogram with a CuKα X-ray source (λ=0.15416 nm).
Table 6.1: Anode compositions used in this study.
Anode type

Catalyst weight

Anode Sintering Temperatures (°C)

loadings (wt %)
BSF-YSZ

10

850 °C

LST-YSZ

0

1100 °C

Inf SrO LST-YSZ

5

500 °C

Inf FeOx LST-YSZ

5

500 °C

Inf SF LST-YSZ

5

850 °C

Inf BSF LST-YSZ

5

850 °C

For cell testing, Ag wires and Ag paste, which have minimal catalytic activity, were used
as current collectors and each cell was sealed to the end of an alumina tube using Aremco
Cermabond 552 that was cured at 230 °C for 2 hours before ramping at 2 °Cmin-1 in air to the
testing temperature. The cell active area was 0.35 cm2. For further elaboration on cell testing
techniques, see Chapter 1. The electrochemical performance, including impedance spectra and
polarization

curves,

was

measured

using

a

Gamry

Instruments

impedance

spectrometer/potentiostat. The gaseous reactant consisted of humidified (3 % H 2O) H2, CH4, or CO
which was supplied over the anode at a rate of 40 ml/min, The LSF-YSZ cathode was always
exposed to air. Electrochemical Impedance Spectroscopy (EIS) was performed with a 1-mA AC
perturbation at open circuit, from 300 kHz to 0.1 Hz.
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A Fe2O3 powder sample was synthesized by precipitating iron hydroxide from an aqueous
solution of Fe(NO3)3 by adding NH4OH and then calcining the resulting powder in air at 800 °C.
BSF powder was synthesized using an ETDA sol-gel method with a metal cation: citric acid: EDTA
ratio of 1:1.2:1. The pH was adjusted to 8-10 and heated and stirred until gelation. The resulting
gel was crushed and heated at 600 °C before final calcination in air at 1000 °C.
La0.8Sr0.2Cr0.5Mn0.5O3 (LSCM) powder was also synthesized using a sol-gel method with the proper
nitrate salts in DI water with a citric acid to perovskite ratio of 1.5:1. The corresponding gel was
crushed and calcined at 600 °C in air before final calcination at 1200 °C.
Temperature Programmed Desorption (TPD) of O2 was used to determine the ease of
removal of lattice oxygen from BSF, Fe2O3, LSCM. For the TPD experiments ~ 0.2 g of each powder
was pressed into a pellet and loaded into a flow reactor system that was equipped with a mass
spectrometer (Stanford Research Systems) for product gas analysis. Each sample was initially
pretreated by heating in a stream of 20% O 2 to 700 °C and then slowly cooling to 120 °C at 10°C
/min in the same environment. After purging the reactor with flowing He, the sample was ramped
in 20 ml/min at 10 °C/min to 900 °C while the amount of oxygen evolved was monitored using the
mass spectrometer.

6.3 Results
6.3.1 BSF-YSZ and LST-YSZ Cell XRD
Figure 6.1a shows an XRD pattern obtained from a YSZ scaffold infiltrated with BSF.
Diffraction patterns for a bare YSZ scaffold, BSF powder, and reference patters for SF, cubic
BaFeO3, and hexagonal BaFeO3 are also included in the figure for comparison. An expanded
version of the BSF-infiltrated YSZ XRD pattern is displayed in Figure 6.1b. In addition to peaks
characteristic of the YSZ, the pattern for the BSF-YSZ composite contains a series of peaks
associated with the infiltrated materials. While these peaks are not very intense due to the small
amount of infiltrate, there is a peak at 31.7°, which corresponds to the (110) primary diffraction line
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for perovskite BSF, confirming the formation of this phase; however, there are equally intense
peaks at 24.4° and 33.7° which can be assigned to either BaCO3 or perhaps SrCO3.23 Note that
formation of a surface carbonate layer is ubiquitous on oxides that contain Ba and Sr, 24-26 so the
presence of these species is not surprising. It is also noteworthy that while one might expect BSF
to react with YSZ at high temperatures to form BaZrO3 or SrZrO3, peaks indicative of these phases
was not observed. However, given the low intensity of the features due to the infiltrated oxide layer,
formation of a small amount of these phases cannot be completely ruled out. Figure 6.1c displays
the XRD patterns of an anode infiltrated with the LST conduction layer and a reference spectrum
of the YSZ scaffold. The pattern for the LST-YSZ composite shows the expected pattern for the
LST perovskite lattice.
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Figure 6.1: XRD patterns: (a) BSF-YSZ anode calcined at 850 °C, BSF powder calcined at 1000
°C, and the YSZ scaffold; (b) enlarged XRD pattern of the BSF-YSZ anode; and (c) LST-YSZ
calcined at 1100 °C anode and YSZ scaffold.
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6.3.2 Electrochemical Performance of a BSF-YSZ Cell
The performance of BSF as an anode electrocatalyst was initially assessed using the
BSF-YSZ|YSZ|LSF-YSZ cell operating with humidified H2 fuel. Plots of the voltage and power
density versus current density for this cell at several different temperatures are displayed In Figure
6.2a. The corresponding impedance spectra are displayed in Figure 6.2b. The peak power density
for the cell was 203 mW/cm2 at 700°C and increased to 310 mW /cm2 at 800°C. The impedance
spectra show that the polarization resistance (Rp) for the cell was 0.28 Ω·cm2 and 0.20 Ω·cm2 at
700 °C and 800 °C, respectively. We have previously shown that LSF cathodes of the design used
here have an Rp of ~0.1 Ω·cm2 at 700 °C,22 so the contribution of the BSF anode to the R p is only
0.1 to 0.2 Ω·cm2. This low value demonstrates that BSF has high activity for the HOR.
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Figure 6.2. Performance for a BSF-YSZ|YSZ|LSF-YSZ cell operating with humidified H 2
fuel at the indicated temperatures. (a) Voltage and power density versus current density, and (b)
impedance spectra obtained at open circuit. Filled symbols correspond to voltage curves whereas
open symbols with lines correspond to power density curves

6.3.3 Electrochemical Performance of LST-YSZ Cells with various added Catalysts
While the cell exhibits acceptable performance characteristics, the ohmic impedance for
this cell (1.0 Ω·cm2 at 700°C) is roughly twice that expected for the 80-μm thick YSZ electrolyte
with conductive electrodes (0.43 Ω·cm2 at 700°C).27 This can be attributed to a combination of the
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poor electronic conductivity of the BSF and the lack of a well-interconnected BSF layer in the
infiltrated electrode (only ~10 wt%). Formation of a BaZrO3 or SrZrO3 insulating phase at the
interface could also contribute to a small extent. To facilitate characterizing the intrinsic catalytic
properties of the BSF, for the remaining SOFCs that were tested in this study we used anodes
where the electronic conductivity was enhanced by first infiltrating an interconnected layer of LST
which is electronically conducting under reducing conditions. An impedance spectrum for an
LST-YSZ|YSZ|LSF-YSZ cell operating in humidified H2 at 700°C is displayed in Figure 6.3. In this
figure the ohmic impedances have been subtracted to facilitate comparison among the various
cells. These data show that an LST-YSZ anode has an Rp greater than 20 Ω ·cm2, demonstrating
that LST is inactive for the HOR reaction. Note that while this anode design decreases the number
of three phase boundary sites somewhat, it has the advantage of separating the catalytic and
electronic conductivity functions of the materials in the anode so they can be studied independently.
The mechanism of oxidation reactions on metal oxide-based catalysts typically involves
redox sites that provide labile surface lattice oxygen. This generally requires an oxide that contains
a metal cation with multiple stable oxidation states. For BSF this means that the catalytic activity
would be associated with surface Fe cation sites, since the Ba and Sr cations are essentially
unreducible for typical anode reaction conditions. This is consistent with the impedance spectra for
cells with LST-YSZ anodes in which 5 wt% SrO or FeOx were added as catalysts while operating
on humidified H2 at 700°C which are also displayed in Figure 6.3. As expected, the anode with SrO
showed poor performance with an Rp greater than 40 Ω·cm2, demonstrating its lack of catalytic
activity. In contrast, the anode with 5 wt% FeOx catalyst exhibited much better performance and
this cell had an Rp of only 1.83 Ω·cm2. This, however, is still not as good as the cell with BSF added
to the anode which had an Rp of only 0.92 Ω·cm2.

108

Figure 6.3. Impedance spectra for LST-YSZ|YSZ|LSF-YSZ cells while operating on humidified H2
fuel at 700 °C before and after the addition of SrO, FeOx, or BSF.

To further explore the role of surface Fe cations as catalysts for HOR we compared the
performance of cells with LST-YSZ anodes to which 5 wt% of FeOx, SF or BSF was added to
enhance catalytic activity. Voltage and power density versus current density plots for these cells
while operating on humidified H2 at 700°C are displayed in Figure 6.4. While all three cells have an
open circuit voltage close to the expected Nernst value of 1.01 V, there are substantial differences
in their performance with increasing current. The cell with the FeOx catalyst exhibited the worst
performance with a peak power density of only 87 mW/cm 2. Using SrFeO3 as the anode catalyst
significantly improved performance, with this cell having a peak power density of 130 mW/cm 2, but
it was still somewhat less active than the cell with BSF added to the anode which had a peak power
density of 160 mW/cm2.
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Figure 6.4. Performance of LST-YSZ||YSZ||LSF-YSZ cells in humidified Hydrogen with 5 wt % of
either FeOx, SF, or BSF as anode catalysts at 700°C. Filled symbols correspond to voltage curves
whereas open symbols with lines correspond to power density curves.

6.3.4 TPD of lattice Oxygen
The data described above indicate that surface Fe cations in perovskite BSF and to a
lesser extent SrFeO3 provide catalytic activity for HOR. Based on this observation and the
aforementioned model of oxidation reactions on the surface of metal oxide catalysts, one would
expect that BSF has much more labile surface or bulk lattice oxygen than that in Fe 2O3 or other
less catalytically active metal oxides. To demonstrate if this is indeed the case, TPD of O2 was
performed for powder samples of BSF, Fe2O3, and LSCM. The latter was chosen as an example of
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a perovskite oxide that is known to have low catalytic activity for HOR. 10,11 In these experiments
fully oxidized samples were heated in vacuum with the amount of O 2 evolved being measured with
a mass spectrometer. These data are shown in Figure 6.5. As expected, no oxygen desorbed from
the LSCM sample upon heating up to 900 °C, which correlates with the poor reducibility observed
from coulometric titration experiments.11 A similar result was obtained for Fe2O3. In contrast to these
oxides, a substantial amount of oxygen evolved from the BSF sample in a large peak centered at
340 °C with additional desorption features extending up to 850 °C. Quantification of the mass
spectrometer signal was used to determine that the total amount of O 2 removed from this sample
was 208 µmol per gram. A possible explanation for this difference in reducibility of the BSF and
Fe2O3 will be presented below.

Figure 6.5. Temperature Programmed Desorption of O2. 20 ml/min of He, ramping rate of 10 °C
/min for BSF, Fe2O3 and LSCM powders
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6.3.5 Performance of BSF-YSZ Cell with various Fuels
The results of this study show that BSF is an active catalyst for hydrogen oxidation. It is
not clear however, if similar activity will be obtained for the oxidation of other fuels that are
commonly used in SOFCs. To explore this, we also tested the performance of a cell with a BSFYSZ anode operating on humidified CO and CH4 fuels at 800°C. Polarization curves obtained in
these studies along with that for H2 fuel are displayed in Figure 6.6. Although somewhat less than
that for H2, reasonable performance was obtained when using CO as the fuel. The cell was nearly
inactive, however, when using CH4 as the fuel indicating that BSF is not an active catalyst for
methane oxidation.

Figure 6.6. Performance of another BSF-YSZ cell at 800°C in various humidified fuels: H2, CO, or
CH4. Filled symbols correspond to voltage curves whereas open symbols with lines correspond to
power density curves.
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6.4 Discussion
The data obtained in this study further demonstrate that BSF has high activity for the HOR
and that SOFC anodes that incorporate BSF as a catalyst exhibit excellent performance. SrFeO 3
is also active for HOR, although it is less effective than BSF. As noted above surface Fe cations or
oxygen associated with these cations are likely to provide the active sites for H 2 oxidation on these
materials. In light of this, one might expect iron oxide to be an equally effective catalyst for HOR,
but this was demonstrated not to be the case and cells with this material added as a catalyst
exhibited substantially lower performance than those with BSF and SrFeO 3. The thermodynamic
properties of these materials provide a possible explanation for these differences. Humidified H 2
fuel (3 % H2O) at 700°C has an effective P(O2) of ~10-24 atm. For iron oxides this is close to the
equilibrium pressure for the FeO to Fe transition, but at reasonable current densities where
substantial water product is produced the effective P(O2) near the anode will likely be several orders
of magnitude higher and closer to where Fe3O4 is the thermodynamically stable form of the oxide.
This change in the stable phase is perhaps why there is a distinct break in the polarization curve
for the cell with the FeOx catalyst at a current density of ~0.1 A/cm2 (see Figure 6.4). This suggests
that under typical operating conditions with H 2 fuel, an FeOx anode catalyst would be expected to
contain a mixture of Fe2+ and Fe3+. Assuming redox sites catalyze the H2 oxidation reaction, the
active sites on the iron oxide catalyst would consist of an Fe+2/Fe+3 couple.
In contrast to an FeOx anode catalyst, in stoichiometric Ba05Sr0.5FeO3-y the perovskite structure
stabilizes iron in the +4-oxidation state. As is the case with many perovskites, this structure is quite
stable and able to handle a high concentration of oxygen vacancies. Under the reducing conditions
of an SOFC anode the material would also contain some Fe 3+. Indeed, even at room temperature
in air, the equilibrium form of BSF has the formula Ba 0.5Sr0.5FeO2.86 where ~30% of the iron is in
the +3-oxidation state with the rest being +4.28–30 At 600°C in air, thermodynamic data suggests
that the equilibrium stoichiometry is Ba0.5Sr0.5FeO2.70, which requires 60 % of the Fe cations to be
+3.28-30 While more detailed thermodynamic data is not available for BSF, calculations for SrFeO 3

113

indicate that at 800°C the perovskite phase remains stable at P(O 2) values as low as 5x10-20 atm,31
which suggests that under typical SOFC anode operating conditions a BSF catalyst likely contains
a mixture of Fe3+ and Fe4+. Previous oxygen desorption experiments with SrFeO 3 exhibit similar
evolution profiles to the one observed for BSF.32 Thus, in contrast to iron oxide, SrFeO3 and BSF
provides Fe3+/Fe4+ redox sites which bind oxygen relatively weakly as demonstrated by the oxygen
evolution data in Figure 5. Even if under operating conditions the Fe cations in the BSF are primarily
in the +3-oxidation state, the availability of the +4 oxidation state may allow these cation sites to
more readily accept oxygen anions from the YSZ electrolyte producing weakly adsorbed oxygen
species that can easily react with H2 or CO.
While BSF exhibited high activity as an electrocatalyst for the oxidation of H 2 and CO, the data
in Figure 6 demonstrate that it is not an active catalyst for CH 4 oxidation, since very poor
performance was obtained when using this fuel. This is not particularly surprising since the rate
limiting step for CH4 oxidation is C-H bond activation, a reaction that typically requires a metal
catalyst. The lack of BSF having activity for CH 4 oxidation suggests, however, that it will not
catalyze coke formation when exposed to hydrocarbons and may therefore be a good choice for
use in SOFC anodes in cells that operate on reformed CH4, which may contain some unreacted
CH4.

6.5 Conclusions
In this study the effectiveness of FeOx, SrFeO3 and BSF as anode electrocatalysts for SOFC
anodes was investigated. FeOx exhibited the lowest performance of the three and was
demonstrated to not be an effective catalyst for the HOR reaction. In contrast, both SrFeO 3 and
BSF were found to exhibit catalytic activity for this reaction. BSF in particular exhibited high activity
for HOR and was also effective as a CO oxidation catalyst. LST/YSZ composite anodes in which
BSF was added as an electrocatalyst had an area specific resistance less than 1 Ω cm 2 when
operating with humidified H2 fuel at 700ºC. We attribute the high activity of the BSF to the stability
of the perovskite phase which provides access to a Fe3+/Fe4+ redox couple which appears to readily
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accept oxygen anions from the YSZ electrolyte providing a weakly adsorbed oxygen species that
can react with H2 or CO. This is in contrast to an FeOx catalyst in which the Fe cations remain in
low oxidation states (< +3) under anode reaction conditions. The results of this study further
demonstrate the unique catalytic properties of BSF which make it an attractive anode catalyst for
SOFCs operating on hydrogen and reformed methane fuels.
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Chapter 7. Conclusions
SOFCS are promising energy conversion devices that can serve as a versatile platform to
provide low carbon energy with high efficiency at both large and small scales. The working
principles, materials of interest, and performance evaluation techniques are introduced in Chapter
1. Methods of manufacturing SOFCs through tape-casting and infiltration are thoroughly described
in Chapter 2. The subsequent chapters are dedicated to exploring surface modification approaches
to focused on enhancing the performance of anodes and cathodes.
The poor performance of SOFC cathodes has led to widespread interest in methods to
lower the electrode impedance. A common approach to accomplishing this is through infiltration of
potentially catalytic components. The observed performance changes are highly dependent on how
the electrode is fabricated and treated, which make the results difficult to interpret. Additionally, the
surface modification techniques can change the electrode surface area which can have a large
impact on Oxygen Reduction Reaction (ORR) kinetics. In Chapter 3, to evaluate changes in ORR
normalized to surface area, Atomic Layer Deposition (ALD) was performed to deposit submonolayer amounts of NiO, Co3O4, and PdO to study the impact on YSZ (Yttria-stabilized Zirconia)
composites with LSF (La0.8Sr0.2FeO3), LSCF (La0.6Sr0.4Co0.8Fe0.2O3) and LSCo (La0.8Sr0.2CoO3). Xray Photoelectron Spectroscopy (XPS) and Low Energy Ion Scattering (LEIS) were utilized to
qualitatively confirm the changes to the surface composition as a result of ALD. Electrochemical
Impedance Spectroscopy (EIS)

was used to evaluate changes in electrode performance of

symmetric cells as a result of ALD. Surprisingly, the deposition of PdO did not enhance the
electrode performance, after 10 cycles of ALD the performance of each electrode was noticeably
inhibited (~10 %). When 10 cycles of Co3O4 or NiO were deposited however, the performance of
the LSF-YSZ electrodes was considerably enhanced (~40 % and ~20 % respectively). LSCF was
enhanced by a small margin as well. The performance of LSF was evaluated as function of ALD
cycle number for each component. 5 then 10 cycles of Pd resulted in a continued increase in the
impedance. From 1-10 cycles of ALD, the impedance was continually decreased when Ni or Co
was deposited. Our explanation for this phenomenon is that Ni and Co can readily enter the
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perovskite lattice and change the oxygen vacancy concentration, which promotes the rate of ORR.
PdO on the other hand has a harder time entering the perovskite lattice and changing the electronic
structure. As a result, it sits above the surface and does not facilitate O 2 dissociation. This illustrates
the importance of tuning the perovskite structure itself in order to enhance activity.
Electrocatalysts need to be added to inert perovskites so they can serve as functional
anodes. Current catalysts incorporation techniques such as infiltration or exsolution are very in
efficient, it is important to find approaches to minimize the amount of material used to minimize cost
and metal utilization while maximizing performance. In Chapter 4, ALD was employed to deposit
highly dispersed nano-catalysts onto LST (La0.3Sr0.7TiO3) -YSZ composite anodes and compare
the catalytic performance to anodes modified by infiltration of Ni or Pt with 10-100 times more metal.
LEIS confirmed the deposition of miniscule amounts of Ni and Pt can be deposited on the LST
anode with ALD. Fuel cells with modified and unmodified LST-YSZ anodes had their performance
tested using EIS and Linear Sweep Voltammetry (LSV). Just 1 cycle of Ni or Pt ALD reduced the
total polarization resistance of the cell by a factor of 10. After 5 cycles of Pt ALD, the performance
essentially matched that of the cell infiltrated with 0.5 wt % Pt, yielding a power density of 250
mW/cm2 at 700 °C. Similarly, after 5 cycles of Ni ALD, the performance exceeded that of the cell
that had 1 wt% Ni Infiltrated (250 mW/cm2 vs 190 mW/cm2). Pd, Co, Fe and CeO2 were also added
with 5 cycles of ALD, and the following activity trend was observed: Ni ~ Pt ~ Pd > CeO2 > Fe >
Co. Although the catalysts are highly active, to be practical, they need to be stable against sintering.
Brief heat treatment at 850 °C resulted in a significant decrease in power density at 700 °C, from
20 - 45 % depending on the metal catalyst used. Methods to stabilize the catalysts should be
investigated.
Ni cermets are mature SOFC anodes, but they are highly susceptible to cell fracture from
Ni oxidation, or due to carbon fiber build up and blockage. Surface modification techniques are
developed to protecting the Ni surface from these degradation mechanisms. One approach often
used to do so is the incorporation of CeO2. CeO2 is a selective fuel oxidation catalyst that does not
catalyze hydrocarbon formation.

In Chapter 5 CeO2 was added to Ni-cermets via ALD to
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investigate the potential of a CeO2 thin-film to provide tolerance to coking and Ni oxidation.
Unfortunately, the ALD technique requires high temperature oxidation for certain precursors. NO 2
can completely oxidize the ALD ligands in question at 300 °C, which is lower than the 500 °C
required for air. However, NO2 oxidized the Ce precursors to Ce(NO3)3 instead of CeO2 which
inhibits growth. Thus, another step is required to decompose the surface nitrates. A novel approach
was developed using NO2 and hydrogen in a two-step oxidation-reduction process to oxidize the
ALD ligands and reduce the nitrate ions that form thereafter. This approach resulted in continued
growth of CeO2 thin films. Unfortunately, during coking tests with dry methane, the CeO2 modified
Ni-cermets catalyzed the formation of carbon fibers just as readily as the un-modified substrates.
Similarly, no improvement was seen in the oxidation tolerance of the material. Temperature
Programmed Desorption (TPD) was employed to provide insight to the surface chemistry of the
cermets after Ce modification and after reduction. TPD of isopropanol revealed that although a
CeO2 layer is formed after 20 cycles of ALD that can in fact change the surface chemistry, this layer
can be easily disrupted. After reduction in H2 at 700°C, the CeO2 thin-film breaks apart due to the
morphology change of the Ni surface following reduction. During ALD the Ni film is oxidized
significantly even at 300°C, and reduction under anode conditions results in a significant
disturbance of the microstructure. ALD of oxides is not a feasible approach for modifying Ni
cermets. Performing ALD of metals at reduced temperatures and reducing the surface to form
alloys may be more successful.
Perovskites with Ba or Sr in the A-site (2+ cations) and Fe in the B-site possess unique
electrocatalytic properties. For these oxides the Fe cation possess a unique +4 oxidation state that
influences the reducibility, and from our hypothesis, also the catalytic activity of these materials. To
demonstrate this, in Chapter 6, fuel cells with Ba0.5Sr0.5FeO3 (BSF) -YSZ anodes and LSF-YSZ
cathodes, both prepared by infiltration, exhibited very low polarization resistances at 700 °C (0.28
ohm·cm2). To compare the contributions of the different oxide components, 5 wt % of SrO, FeOx,
SrFeO3 (SF), and BSF were infiltrated into LST-YSZ anodes. SrO provided no enhancement in the
cell performance. FeOx improved the polarization resistance dramatically compared to bare LST-
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YSZ (1.8 ohm·cm2 as compared to 20 ohm·cm2 for LST-YSZ). SF and BSF infiltration dramatically
improved the cell performance, with the addition of 5 wt % of BSF into LST-YSZ yielding a total
polarization resistance of 0.92 ohm·cm2. These cell tests confirm that the perovskite phase enables
high performance, and it is more catalytically active than metallic Fe. O2-TPD on oxidized BSF from
100 – 900 °C resulted in large amounts of O2 evolution at 340 °C, whereas Fe2O3 and
La0.8Sr0.2Cr0.5Mn0.5O3 (LSCM) exhibit no oxygen desorption. This demonstrates that BSF type
materials have a uniquely high reducibility compared to typical Fe oxides and other Lanthanum
containing perovskites with poor activity. This reducibility is linked to the availability of the Fe4+
state. The availability of this state partially stabilizes the lattice; however the Fe cation wants to
reduce to the more stable 3+ state, which results in BSF having weak oxygen bonds that readily
accept and donate oxygen ions under SOFC anode conditions.

121

